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Abstract

Use of low relative dielectric constant (low-k) material as an interlayer dielectric is
among important approaches to reduce the RC time delay in high performance ultra-large-scale
integrated circuits. Copper metallization is another approach besides the use of low-k material, in
reducing the RC delay time, because of its well-known characteristics of low resistivity and high
electromigration resistance.
Fluorocarbon films containing silicon (SiCF) have been developed in this work for low-k
interlayer dielectric applications below 50 nm linewidth technology. The films were prepared by
plasma

enhanced

chemical

vapor

deposition

(PECVD)

using

gas

precursors

of

tetrafluoromethane as the source of active species and disilane (5 % by volume in helium) as
both an active species source and a reducing agent to control the ratio of fluorine to carbon in the
films. The basic properties for these low-k interlayer dielectric films were studied along with
characterization of their fabrication process. Electrical, mechanical, chemical and thermal
properties were evaluated including dielectric constant, electrical field strength, surface planarity,
residual stress, hardness, chemical bond structure, and shrinkage upon heat treatment.
Deposition process conditions were optimized for film thermal stability while
maintaining a relative dielectric constant value as low as 2.0. The average breakdown field
strength of the SiCF films was 4.74 MV/cm and its optical energy gap was in the range of 2.2 to
2.4 eV. The hardness and residual stress in the SiCF films deposited under the optimized
conditions were respectively measured to be in the range of 1.4 to 1.78 GPa and in the range of
11.6 to 23.2 MPa of compressive stress.

xiii

For integrated microsystems as well as for ULSI circuits, surface modification of SiCF
films by wet chemical treatment and by X-ray irradiation were examined to facilitate copper
metallization. Feasibility of copper deposition by recently developed electroless techniques is
discussed in conjunction with the studies utilizing wet chemical modification of the film surface.
The effect of X-ray irradiation on the chemical structure of the films is also discussed.
Additionally, means for selective surface modification of the films are introduced by exposing
the films through an X-ray mask.

xiv

Chapter 1
Introduction

1. 1

Motivation
Development of low relative dielectric constant (low-k) materials for potential use as

interlayer dielectrics (ILDs) is one of the important key challenges in the high performance ultralarge-scale integration (ULSI) technology. Device feature sizes in semiconductor chips have
continuously decreased and the device density has doubled approximately every two years since
the 1960s, along with improvement in functionality and reduction in cost. As the design rules
dictate decrease in the minimum feature size, the complexity of interconnect structure increases
requiring multilevel interconnections to realize high performance and high functionality
integrated circuits [1, 2].
However, the use of multilevel interconnections increases both signal propagation delay
due to increased RC time constant and signal cross-talk in devices using conventional aluminum
(Al) interconnects and silicon dioxide (SiO2) as the ILD. Note that R is the resistance of the
interconnect metal and C is the parasitic capacitance resulting from the ILD. The dominant factor
below 0.25 µm technology node in determining the total delay is the RC time constant, rather
than the limitation due to transistor speed [3-7]. Hence, it is important to incorporate lower
dielectric constant materials for ILDs as well as a lower resistance metal for interconnects in
ULSI applications. The International Technology Roadmap for Semiconductors (ITRS) indicates
a need for ultra low-k materials (k < 2.1) beyond 50 nm technology for microprocessors (MPU)
1

and beyond 25 nm technology for Dynamic Random Access Memory (DRAM) [1, 8]. Here, k
denotes the value of relative dielectric constant for a material.
Bohr studied the dominant factor in determining the total signal delay for integrated
circuit (IC) feature size [9]. In his modeling, the interconnect RC delay has become a dominant
factor beyond the 0.25 µm feature size with conventional Al interconnects and SiO2 ILD as
shown in Fig. 1.1. The delays associated with copper interconnects and low-k ILDs (k = ~2.0)
are also shown in Fig. 1.1. Basic expression in interconnect RC delay for a dielectric layer
between two parallel interconnects is given by Laxman as RC = ρ’m εd L2/td, where ρ’m is sheet
resistance of the interconnect material, εd is permittivity of the ILD, L is length of the
interconnect and td is thickness of the ILD [10]. Lee et al. also introduced a formula to estimate
delay with a simple first-order model in a three-level interconnect system [11]. The increasing
RC delay in the larger IC chips results from two factors: higher resistance due to long metal lines
of smaller cross-sectional area, and higher capacitance due to thinner ILDs with multilevel
metallization. The total interconnect length in a chip is over 31,000 m and the number of metal
levels is 8 to 9 for the 0.10 µm technology node [1].
In order to minimize RC delay, it is essential to produce interconnects with lower
resistivity and ILDs with a lower dielectric constant. Lower interconnect resistance can be
obtained by switching to copper (ρCu = ~1.7 µΩ-cm) from the conventional interconnect metal
aluminum (ρAl = ~2.7 µΩ-cm) or Al alloys. Here ρCu and ρAl are resistivity of copper and
aluminum respectively. Copper, in addition to achieving lower resistance and lower delay time,
can also provide lower power dissipation, lower manufacturing cost as well as increased
reliability due to its higher immunity to electromigration compared to that of aluminum [12].
According to an industry estimate, a switch from aluminum to copper is expected to result in

2
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Fig. 1.1 Signal propagation delay as a function of feature size.
After reference [9].
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only a 50 % improvement in device performance, while a low dielectric interlayer could enable a
400 % improvement [13]. Obviously, in order to achieve the lowest possible RC delay, one
should incorporate low-k dielectrics into the device, in addition to Cu interconnects.
Relative dielectric constant (k) depends on the polarizability of a material under the
influence of an external electric field. The polarizability is the summation of the electronic, ionic
and dipolar components [14]. The electronic polarizability refers to the oscillation of electrons
in chemical bonds, and becomes a dominant component only at frequencies > 1014 Hz (the UV
and visible frequencies). The ionic and dipolar polarizabilities constitute the nuclear response,
and become prominent components at lower frequencies (< 1013 Hz). At the current device
operating frequencies (~109 Hz), all three components of the polarizability contribute to the
dielectric constant of dielectric materials. Reduction of the polarizability lowers the dielectric
constant. One of the techniques to reduce the polarizability is to introduce hydrogen, carbon and
fluorine atoms in dielectric materials [6]. However, there are difficulties in finding a suitable
low-k material, because the requirements for its integration into existing IC fabrication processes
are stringent due to reliability and manufacturability concerns.
1. 2

Overview of Low-k Interlayer Dielectric Materials
The summary of the requirements and current candidates for low-k dielectrics given here

are based on articles by Peter and Singer [4, 15]. According to these articles, any chosen low-k
material has to meet certain requirements for its utilization in the existing ULSI fabrication
process. Those requirements are categorized under electrical, mechanical, chemical, and thermal
properties. The properties include: excellent gap-filling capability, good thermal stability, low
moisture absorption, high thermal conduction, good adhesion, low residual stress as well as a
low dielectric constant. Table 1.1 lists film properties requirements along with relevant

4

Table 1.1 Requirements for low-k dielectrics. After references [1, 4, 15].
Film Properties

IC Manufacturing

Relative dielectric constant

Integration

· k < 2.4 for 50 nm node
· k < 2.1 for 35 nm node

· Good adhesion to metals (Ta, TaN,
TiN, Cu), oxides or nitride surfaces

Thermal stability
· Chemo-mechanical polishing (CMP)
compatible

· High thermal conductivity
· Tg* > 400 °C, stable above 425 °C for
short periods
· Low thermal expansion
(< 50 ppm/°C)

· Minimize need for liner or capping
films

Electrical properties

· Etch selectivity to nitrides, oxides,
oxynitrides

· High reliability
· Low leakage current
· High breakdown field
(> 2 – 3 MV/cm)
· Low charge trapping

· O2 ash and solvent compatible
· Avoid use of toxic solvents
(spin-on dielectrics)

Chemical properties
· High chemical resistance
· Low moisture absorption
· No metal corrosion/out-gassing

· Low deposition temperature to reduce
residual stress [6]
· Excellent gap-filling capability [6]

Mechanical properties
· Film thickness uniformity
· Low film stress
· High crack resistance
· High hardness
· Low shrinkage
· Low weight loss
· High tensile modulus
*

· Non-porous surface

Tg is glass transition temperature.

5

compatibility issues associated with IC manufacturing. Thermal stability is among the most
important requirements in IC processing for fluorine-containing materials or organic polymers,
because the materials must withstand heat treatment processing such as annealing at
temperatures near 400 °C.
Table 1.2 lists current candidate materials for low-k ILDs along with their basic
properties. These materials are prepared by different thin film deposition methods, such as
plasma enhanced chemical vapor deposition (PECVD), pulsed plasma enhanced chemical vapor
deposition (PPCVD), helicon wave plasma enhanced chemical vapor deposition (HPCVD), and
spin-coating. CVD processes produce conformal films, resulting in good gap-filling and
excellent step coverage. A critical disadvantage in using the CVD method, however, is the
difficulty of finding suitable gas-phase precursors. On the other hand, spin-coating dielectrics
have attracted interest as chemo-mechanical polishing (CMP) techniques have improved,
especially for spin-on polymer dielectrics such as polysiloxane. However, thermal stability is still
an issue among the polymers presented in Table 1.2.
In recent years, several low-k materials have been investigated which are associated with
a lower electronic polarization, such as films containing hydrogen, fluorine and carbon. Current
candidate materials for ULSI applications include fluorinated SiO2 (SiOF), silicon-carbide-based
oxide films (SiCOH), amorphous hydrogenated carbon (a-C:H), fluorinated polyimide,
polytetrafluoroethylene (PTFE), amorphous fluorocarbon (a-C:F), nanoporous silica and air gap
[6, 16]. However, these low-k candidates are still being researched actively and have yet to
satisfy all the requirements.
Chemically deposited SiOF films have been developed for low-k materials during the last
decade. The incorporation of fluorine reduces the polarizability thus lowering the dielectric
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Table 1.2 Candidates for low-k ILDs. After references [4, 10, 15, 17].

Dielectric
Silicon oxyfluoride
SixOFy (FSG)
Hydrogen
silsesquioxane (HSQ)
Nanoporous silica
Fluorinated polyimide
Poly(arylene) ether
Aliphatic
tetrafluorinated poly-pxylylene (Parylene AF4)
Polytetrafluoroethylene
(PTFE)
Divinyl siloxane
bisbenzocyclobutene
(DVS-BCB)
Aromatic hydrocarbon
Hybrid-silsesquioxanes
Fluorinated poly(arylene
ether)
Aromatic polyimide
Polyimide siloxane
Fluoropolymers
(CYTOP, PFCB)
Fully cyclized
herterocyclic polymer
(IP-200, PQ-100/-600)
Polysiloxane
(X-418, FOX-16, HAG2209S-R7)
Hydrogenated carbon
(a-C:H)
Fluorinated carbon
(a-C:F)

Relative
dielectric
constant
(k)

Cure
Water
temperature absorption
[°C]
[%]

Stress
[Mpa]

Weight
loss
at 450 °C
[wt.%]

3.0 – 4.1

no issue

< 1.5

-130

none

2.9

350 – 450

< 0.5

70 – 80

<3

1.3 – 2.5
2.6 – 2.9
2.6 – 2.8

400
350
375 – 425

1.5
< 0.4

0
2
60

none
< 0.1
< 0.1

1.548

420 – 450

-

100

0.5

1.9

360 – 390

< 0.01

25 – 27

0.8

2.65

300

< 0.2

30 – 35

< 1.0

2.65
< 3.0
2.4 – 2.6
(spin-on)
2.9 – 3.5
(spin-on)
3.3 – 3.5
(spin-on)
2.0 – 2.5
(spin-on)

400 – 450
450

< 0.25
0

55 – 60
30 – 40

< 1.0
6

-

-

-

-

-

-

-

-

-

-

-

-

< 300

-

-

-

2.8 – 3.0
(spin-on)

-

-

-

-

2.7 – 3.0
(spin-on)

-

-

-

-

2.7 – 3.8
(CVD)
2.1 – 2.8
(CVD)

Stable at
350 – 400
Stable at
300 – 420

-

-

-

-

-

-

Note: some values may not be comparable due to different methods of measurement.
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constant. SiOF films have been deposited by PECVD using inorganic precursors, such as i)
Si(OC2H5)4, O2 and NF3; ii) SiF4, SiH4 and O2; iii) SiF4 and N2O; and iv) FSi(OC2H5)3 and O2 [4,
10, 15]. The relative dielectric constant of SiOF films is between 3.0 and 4.1. Kim et al. prepared
SiOF films using a 13.56 MHz parallel-plate PECVD [18, 19]. Tetrafluoromethane (CF4) gas as
the fluorine source was incorporated into the chemical deposition process for SiO2 films from
disilane (Si2H6) and nitrous oxide (N2O) precursors. The dielectric constant of 3.75 was achieved
with the substrate temperature at 180 °C. This provides an example of how fluorine reduces the
dielectric constant; however, this reduction does not meet the technology nodes below 0.25 µm.
Grill et al. developed silicon-carbide-based oxide materials (SiCOH) using PECVD [2022]. A dielectric constant of SiCOH as low as 3.1 was reported. They reported that a dielectric
constant value of 2.1 was achieved for the as-deposited films from mixtures of precursors for
SiCOH with carbon-hydrogen containing organic materials. The thermal annealing conditions
have not been characterized completely.
Amorphous hydrogenated carbon (a-C:H) films with diamond-like properties have
remarkable physical, chemical, and electrical properties, such as high hardness, high wear
resistance, high thermal stability, chemical inertness, and high electrical resistivity [23-26]. Since
Aisenberg’s et al. first deposition in 1971 using an ion beam of carbon produced in an argon
plasma [27], a-C:H films have been developed with a variety of techniques such as PECVD, ionbeam sputtering, and laser ablation [28-34]. Relative dielectric constant value for a-C:H films
have been reported between 2.7 and 3.8 [17].
Organic polymers are also potential ILD materials because the dielectric constants are
generally lower than those of inorganic materials [15]. Fluorinated polyimide films, having good
thermal and mechanical properties, have been studied for finding wide usages in the
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microelectronics industry. Polyimides are also easily processed as thin films from soluble
precursors, and have desirable dielectric properties with fluorine substitution [35]. Endo and
Tatsumi studied plasma fluorination on the surface of spin-coated polyimide films using CF4
plasma in a 13.56 MHz cylindrical plasma reactor, and achieved a relative dielectric constant of
about 2.5 [36]. However, there is still an issue with thermal stability, regarding finding a way to
introduce fluorine into the interior of the film rather than forming C–F3 group on the surface
during annealing. Other organic fluoropolymer films have been studied and tested, such as
cyclized perfluoropolymer (CPFP), and polytetrafluoroethylene (PTFE). The latter is very
attractive as low dielectric constant materials due to a low relative dielectric constant value for
PTFE films of about 2.0. However, research to improve its thermal stability and adhesion to
other layers is still ongoing [6].
Amorphous fluorocarbon (a-C:F) films have recently gained interest as a potential ILD
material [6, 29, 37-40]. Dielectric constant of a-C:F films has been reported to be as low as that
of Teflon. Endo et al. intently studied a-C:F films fabricated using a variety of gases in PECVD,
PPCVD and HPCVD [38-41]. They showed that it was possible to obtain a low-k value of about
2.0 comparable to Teflon. However, crucial problems concerning thermal stability and adhesion
to various layers still remain unresolved.
Decreasing the dielectric constant is possible with incorporation of air (k = 1). Therefore,
the development of porous materials with nanometer-scale porosity has been pursued for ILDs.
Porous aerogel and xerogel silica, nanoporous silica and nanoporous polymers have been
reported with low-k values in the range of 1.3 to 2.5 and good thermal stability [14, 42-45].
However, there is an essential problem with water (k = 78.5) getting trapped in the pores,
causing elevation of the dielectric constant. Pore size should be no greater than 20 % of the
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smallest feature size, and should have closed-cell architecture to permit further processing steps
involved with metallization. Even air gaps or air bridges [46], which have no materials between
metal interconnects, have also been investigated recently. However, there are issues with air gaps
such as reliability and integration, which pose a concern in multiple metal-layered devices.
1. 3

Surface Modification for Metallization
Copper metallization, as previously mentioned, is another approach besides low-k

material, in reducing RC delay because of its well-known characteristics of low resistivity and
high electromigration resistance. In order to change from aluminum to copper, issues concerning
Cu deposition methods, the CMP process, and choice of materials for diffusion barrier must be
addressed first. Copper metallization should be accompanied with barrier materials, such as Ta,
TaN, Ti, or TiN, because copper readily diffuses into dielectrics particularly at higher
temperatures [47]. Techniques of Cu deposition including a variety of CVD methods and
sputtering reflow have been intensively studied to resolve these issues [2, 48, 49].
Electroplating or electroless deposition of Cu has attracted interest as an interconnect
material for implementation into ULSI devices. The process has advantages of low processing
cost and no gap-filling problems. Figures 1.2 (a) and (b) illustrate void and seam problems in via
in the top-down deposition mode. The top-down mode includes normal and conformal film
depositions such as PVD and CVD. Electroplating and electroless deposition comprise the
bottom-up mode, in which films start to grow from a seed layer at the bottom. IBM developed
the bottom-up approach using a special mix of plating additives that, by differential absorption
on the flat surface and within the via, can affect the bottom-up fill (super fill) as shown in Fig.
1.2 (c) [50-52]. The additives mix typically contains a suppressing additive (e.g. polyethylene
glycol) that preferentially absorbs on the flat surface and the rim of the via, in combination with
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Short time

Final

(a) Normal

Void
(b) Conformal

Seam

(c) Bottom-up

Fig. 1.2 Illustration for void and seam problems in via (top-down mode:
(a) and (b); bottom-up mode: (c)). After reference [52].
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an enhanced rapid plating additive (e.g. an organic sulfur compound) that preferentially absorbs
within the via. Additionally, electroless deposition of metal is attractive, not only for filling of
sub-micron gaps in ULSI devices, but also for metallization of micro-electro-mechanical systems
(MEMS). In order to achieve electroless deposition of copper, surface modification of dielectrics
may be necessary.
Surface modification of dielectrics, especially polymers, has been researched over the
years to improve properties such as adhesion, wettability, and printability [53]. Several different
techniques have been applied to produce desired surface modification. These techniques include
wet chemical treatment, electrical treatment, plasma treatment, ion implantation, and UV/X-ray
irradiation among others. Henry et al. introduced a selective deposition technique by modifying
the surface of polymethylmethacrylate (PMMA) with a wet chemical treatment [54, 55]. Alkane
bridges on the PMMA surface were modified to amide, in order to change the surface from
hydrophobic to hydrophilic, so that metal layers could be electrolessly deposited on the modified
surface. Ooij et al. studied surface modification with air-, Ar- and H2-plasma treatments to
enhance printability of copper or chromium films onto various polymers, such as polypropylene,
PTFE and hydrogenated polyimide. They also characterized, using a static secondary ion mass
spectrometry (SSIM), the cross-linking formation of double bonds, and reorientation of the
modified polymer surfaces [53]. Zhang et al. studied structural modification of low-k a-C:H
films using a He+ ion implantation [56].
Additionally, interest in radiolysis of flouropolymers has been renewed in recent years.
The applications of X-ray irradiation have extended not only to micromachining, but also to
polymer modification, and even to polymer deposition [57-59]. Furthermore, the surface
modification of polymers allows for possible applications in the nano and MEMS areas. For
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example by using X-ray modified patterns on polymer surfaces, nano particles or nano-sized
parts could be self-assembled via alternating hydrophilic and hydrophobic areas.
1. 4

Research Objectives
This research is directed towards developing low-k fluorocarbon films containing silicon

(SiCF) for use as interlayer dielectrics (ILDs) for high-performance ultra-large-scale integration
(ULSI) devices. The preparation of SiCF films is carried out by PECVD, using gas precursors of
disilane (Si2H6) and tetrafluoromethane (CF4).
Simultaneously, the basic properties of low-k interlayer dielectric films are evaluated.
The properties evaluated include electrical, mechanical, chemical and thermal properties, such as
dielectric constant, electrical field strength, surface planarity, residual stress, chemical bond
structure, and shrinkage upon heat treatment.
Furthermore, the development of the surface modification of SiCF films by a wet
chemical treatment for metallization purposes for application in microelectronic devices is
investigated. Copper metallization is performed utilizing an electroless plating process.
In chapter 2, plasma CF4-Si2H6 system and essential technology background are
discussed.

There are a number of requirements made on the dielectric layers for ULSI

applications, and there is no standard methodology for evaluating the properties of low dielectric
constant materials. Hence, the methodologies utilized here to evaluate the properties of the films
are also briefly described.
In chapter 3, the preparation of SiCF films by PECVD is presented based on their
electrical properties and composition analyses. Electrical properties include high frequency
capacitance-voltage (C-V) and ramp current-voltage (I-V) measurements. The composition of
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films is determined using X-ray photoelectron spectroscopy (XPS). The effect of rf power during
deposition on the film deposition rate and refractive index is also discussed.
In chapter 4, process optimization for thermal stability of the SiCF films is discussed.
Effects of PECVD process parameters such as rf power, process pressure, substrate temperature
and the flow rate ratio of CF4/Si2H6 on film properties are examined. The process factors are also
optimized with a systematic set of experiments. In addition, XPS spectra are discussed on a
thermally stable SiCF film.
In chapter 5, the effects of process conditions on chemical bond structure of SiCF films
are studied using the Fourier transform infrared (FTIR) spectroscopy. The optical and
mechanical properties of the films are evaluated and the effects of thermal annealing on the
chemical bond structure are also discussed.
In chapter 6, the surface modification of SiCF films for metallization is discussed. The
surfaces of SiCF films are modified by a wet chemical treatment using n-lithiodiaminoethane.
The metallization of copper on the surface modified SiCF films is studied utilizing an electroless
plating process. Also, surface modification using X-ray irradiation is discussed.
Chapter 7 gives a summary and conclusions reached based on this research. Also,
suggestions for future work on SiCF films are given.
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Chapter 2
Plasma CF4-Si2H6 System: Technical Background

2. 1

Introduction
The development of a low-k material using PECVD requires an understanding of the

basic theory of plasma polymerization and the effects of process parameters on the properties of
plasma polymer thin films. This chapter provides technical backgrounds for preparation of
PECVD films and for their characterization pertinent to their use as a low-k material.
In the first section, the fundamental concepts of chemical vapor film deposition utilizing
a plasma is briefly reviewed, and the effects of pressure, temperature, precursors flow rate and
electrical power on the properties of plasma polymer thin films are discussed. These process
parameters control the properties of the deposited films. Understanding how these parameters
work is crucial in designing experimental conditions to deposit proper low-k dielectrics. The
CF4-Si2H6 system is also discussed comprising of conventional polymerization of fluorocarbons
with Si2H6 playing the role of a fluorine-trapping reducing agent.
Dielectric layers for ULSI application must satisfy a number of requirements as discussed
in chapter 1. However, there is no standard methodology for evaluating the properties of low-k
materials. Therefore, the methodologies utilized in this study to evaluate the properties of SiCF
films are also briefly discussed in this chapter.
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2. 2

Plasma Enhanced Chemical Vapor Deposition and Plasma Chemistry

2.2.1

Plasma Chemical Vapor Deposition
Plasma can be defined as a partially neutral body of gas that consists of charged and

neutral particles [60]. Plasma discharge is formed by applying an electric field to the gaseous
precursor at low pressure (< 10 Torr). The particles in plasma can exchange energy via collisions.
Energy is transferred by the electric field to the free electrons which collide with molecules,
electrodes and other surfaces. The high-energy electrons collide with the gaseous precursors
resulting in dissociation and generation of reactive chemical species and the initiation of
chemical reactions. In a typical plasma the electron energy is in the range of 1 – 10 eV
(corresponding to approximately 10,000 – 100,000 °K) and ions and neutrals energy are on the
order of 0.1 eV (approximately 1000 °K) [61].
The chemical reactions can be homogenous or heterogeneous in nature. Homogenous
reaction is caused by gas-phase inelastic collisions between electrons and neutral charged or
excited atoms or molecules or their fragments (heavy species), and/or among heavy species
themselves in the plasma. Heterogeneous reaction is caused by interaction between gas-phase
plasma and solid surfaces. These reactions are listed in Tables 2.1 and 2.2. The densities of
electrons and chemical species directly affect the reaction rate in plasma. Bell has defined
reaction rate in plasma polymerization [62]. In case of jth reaction in a plasma reactor, the
reaction rate Rj is given by

R j = k j ne N .
Here kj is the reaction rate constant ne is the density of electrons, and N is the concentration of
the reactants. The reaction rate constant is as follows:
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Table 2.1 List of homogeneous reactions in plasma. After references [60-63].
Homogeneous reactions
I. Electrons - heavy species reactions
1. Excitation
e- + A
→
e + A2
→
e- + AB →

4. Ionization
e- + A
→ Ae + AB → A
+ Be- + A2 → A2+ + 2ee- + A2 → A2e- + A2 → A+ + A + 2ee- + AB → A+ + B + 2e5. Radiative recombination
+ hν
e- + A+ → A
6. Dissociative recombination
e- + A2+ → 2A

A* + eA2* + eAB* + e-

2. Dissociative attachment
e- + AB →
A + B3. Dissociation
e- + A2
→
e- + AB →

2A + eA + B + e-

II. Ion - molecule reactions
1. Recombination of ions
A+ + B- →
AB + hν
+
A + B →
A* + B* + hν
M + A+ + B- → AB + M
2. Charge transfer
A + A+ →
A+ + A
+
B2+ + A
B2 + A →
A+ + BC →
A + BC+
+
A + B+ + C
A + BC →

3. Charge transfer of heavy reactants
A+ + BC → AB+ + C
A+ + BC → AB + C+
4. Associative detachment
A- + BC → ABC + e-

III. Radical - molecule reactions
1. Electron transfer
A +B →
A+ + B2. Ionization
A +B →
A+ + B + e3. Penning ionization/dissociation
A + B+ + eA* + B →
*
A + B →
A+ + B + eA* + B2 →
A + 2B

4. Attachment of atoms
A + BC + M → ABC + M
5. Disproportionation
A + BC → AB + C
6. Recombination of radicals
2AB
→ A2B2
7. Chemi-luminescence
A + BC → AB* + C → AB + C + hν

Here, e- is high energy electron; A, B and C denote atoms; M denotes a molecule; asterisk
superscript stands for excited particles with energy higher than their ground state; h is Planck’s
constant and ν is frequency of radiation.
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Table 2.2 List of heterogeneous reactions in plasma. After references [60-63].
Heterogeneous reactions
1. Adsorption
Mg + S →
Rg + S →

Ms
Rs

2. Recombination/compound formation
S-A + A →
S + A2
S-R + R →
S+M
3. Meta-stable de-excitation
S + M* →
S+M
4. Sputtering
S-B + A+ →

S+ + B + A

5. Polymerization
Rg + S →
Mg + S →
Rs + Rs →
Ms + Rs →

P1s
P2s
P3s
Pns

Here, M denotes a molecule; R denotes a radical; S denotes surface; A and B denote atoms;
asterisk superscript stands for excited particles with energy higher than their ground state; g
and s subscripts stand for gas and solid states, respectively; S-A denotes atom A adsorbed on
surface; P denotes polymer and Pns denotes different polymers on surface.

18

kj = ∫

ε
2me

σ j (ε ) f (ε )dε

where me is the electron mass, ε is the electron energy, f(ε) is the electron distribution function,
and σj(ε) is the cross-section of the reaction. However, the basic parameters, ne and f(ε) are not
easily measured directly [60], so it is necessary to understand their behavior as a function of the
plasma process parameters for a plasma deposition process.
In a plasma coupled CVD process, plasma is used as an energy source to produce
chemically active species (reactants) that react and subsequently transport to a substrate. The
plasma can be generated in different ways for plasma deposition. Possible plasma generation
sources can be dc, rf or microwave electrical power supplied to a reactor. DC plasma is more
suitable for deposition on conductive substrates. Conductive substrates will not accumulate
charges and hence it can sustain a dc plasma. If the substrate is a non-conductive material, the
plasma will be extinguished eventually by accumulation of charges on the surface of the
substrate. In order to overcome this problem, a high frequency generator is used to sustain the
plasma. In case of a rf discharge (100 kHz – 30 MHz), most of the ions are virtually immobile,
but the ionizing electrons travel back and forth between the electrodes and the plasma thereby
sustaining the plasma. Due to their small mass, the electrons can oscillate at the applied high
frequency and can gain energy from the applied electric field. This results in lowering of the
required breakdown voltage to initiate plasma [61]. Note that the 13.56 MHz radio frequency and
the 2.45 GHz microwave frequency often used are set by the Federal Communications
Commission (FCC) for use in commercial generators [64]. Plasma enhanced CVD (PECVD)
using a high frequency generated plasma allows deposition process temperature to be lower than
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the conventional thermal CVD process [65]. This permits film deposition on substrates that can
not withstand high temperatures, such as aluminum or organic polymers, at the same time
retaining other advantages of a CVD process. Another advantage is that the effects of thermal
expansion mismatch between substrate and deposited film are reduced, so that the deposited film
has lower built-in stress.
Plasma deposition process is governed by two major considerations [66]. One is the
effect of basic plasma parameters which are the electron density, the electron energy distribution,
the concentration of reactants and the residence time for a gas molecule in the plasma. These
parameters are affected by the plasma process parameters that include excitation power,
excitation frequency, gas flow rate, geometrical factors of reactor, pumping speed and process
pressure. The other consideration is surface kinetics and mass transport parameters including
plasma-surface interaction, geometrical factors, and substrate surface potential and temperature
[60, 62].
Excitation power is one of the basic plasma parameters. Increase in power results in an
increased density of energetic electrons and in an increased bombardment of the electrode by
energetic ions. Hence, the deposition rate generally increases with power if all other process
parameters are kept constant. However, as is the case for some gaseous precursors such as
certain saturated fluorocarbons and hydrocarbons containing oxygen, the deposition rate rises at
first and tends to saturate or even decrease at higher power as events of etching and physical
ablation begin to dominate [61].
The flow rate of gaseous precursors for a given chamber geometry and pumping speed
affects the residence time of components in the plasma. Increase of the flow rate leads to a
decrease of the residence time, if all other process parameters are kept constant. The pressure in
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the plasma affects the average electron energy, the mean free path of particles, as well as the
residence time. A low mean free path, long residence time and high electron energy are required
to increase the reaction rate and deposition rate. In order to have these required conditions, lower
flow rate and higher pressure are necessary. However, too low a flow rate and pressure lead to
the formation of powder due to a reaction in the gas phase, as opposed to a heterogeneous
reaction at the substrate surface for film formation [60]. The powder causes poor surface
roughness and a low degree of cross-linking.
Substrate temperature is one of the most important factors in a CVD process. The
temperature directly affects the kinetics of the reactions on the surface of the substrate as well as
in the plasma. Changing the substrate temperature can change the composition, deposition rate
and stress of deposited films [60, 65].
As discussed above, these process parameters are not independent. It is necessary to
determine the optimum conditions for a particular deposition process. In this work, a PECVD
(Waf’r/Batch 70 Series Plasma Processing System from Plasma-Therm Inc.) is used to deposit
SiCF films. The system schematic is shown in Appendix A. It consists of an outward radial flow
reactor, shown in Fig. 2.1, with parallel electrodes and a 13.56 MHz rf source with maximum
power of 500 W. The electrode spacing and diameter are 2.54 cm and 25.4 cm, respectively. The
perforated top electrode has an inlet for gaseous precursors, and it is coupled to the rf source.
The flow rate of each gas is regulated using mass flow controllers (MFC) and the process
pressure is controlled using a butterfly valve in series with the vacuum pump. A heater placed at
the bottom electrode controls the substrate temperature. The precursors for the deposition of the
SiCF films are CF4 and Si2H6 (5 % by volume in helium).
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Fig. 2.1 Schematic of the outward radial flow reactor with a perforated electrode in
Waf’r/Batch 70 Series Plasma Processing System from Plasma Therm Inc.
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2.2.2 The CF4-Si2H6 System
Fluorocarbon plasma has been studied in the past decades with its intrinsic dualism
promoting the etching of substrates and allowing the deposition of plasma polymerized films.
Charged particles, fluorine atoms and molecules, and C–Fx radicals are responsible for etching or
polymerization. These three active species in the plasma can etch many substrates by forming
volatile fluorides, and they also can be deposited on substrates by changing experimental
conditions. In general, the higher concentration of F atoms in precursors leads to more etching
characteristics. The tendency of polymerization of precursors decreases in the following order:
C2F4 > C3F8 > C2F6 > CF4,
while the reverse order gives the tendency of etching [60].
Kay et al. specified the duality of fluorocarbon plasma in a simple way depending on the
relative stoichiometric value of precursor ratio of fluorine to carbon. When the F/C ratio of
fluorocarbon precursors is less than 2, the polymerization occurs to form fluorocarbon films.
When the F/C ratio is larger than 3, the etching characteristics become dominant. For the F/C
ratio between 2 and 3, the boundary of the duality is not well established and depends on process
parameters [66]. Their relative ratio can also be changed by adding reducing or oxidizing agents
as well as by varying the type of fluorocarbon precursor. Figure 2.2 illustrates the effect of
additive gases on the etching or deposition capacity of fluorocarbon plasma. The typical reducing
agents are H2 and hydrogen containing gases. Hydrogen reacts with F atoms leading to HF, and
subsequently reducing the reaction processes associated with F and C–Fx. The typical oxidizing
agent is O2. Oxygen reacts with radicals to form CO, CO2, COF2, which can no longer recombine
with F atoms, and hence the F/C ratio increases [60].
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(e.g. H2, C2F4, Si)

Plasma activation

Oxidizing agents
(e.g. O2)

Active species
CFx
F
Ions, e-

HF, C2H6,
SiFx, CFx
Ions, e-

CO, CO2,
COF2, F
Ions, e-

Etching
decreases

Etching
increases

Deposition
increases

Deposition
decreases

Fig. 2.2 Effect of additive gases on etching/deposition in fluorocarbon plasma.
After reference [60].
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In this study, CF4 is used as the active species source, and Si2H6 (5 % by vol. in He) is
used as a reducing agent. The latter is also referred to as a fluorine trapping agent. CF4, as
mentioned above, is usually used as an etching gas because of its higher F/C ratio. However, it is
possible to control the F/C ratio by using a fluorine trapping agent. Advantages of this approach
allow the study of the effects of F/C ratio on the properties of deposited films, as well as provide
in-situ process flexibility. A summary of possible in-situ procedures in the CF4-Si2H6 system is
listed below:
▪ In-situ cleaning and adhesion enhancement:
CF4 is a well known plasma etching gas. Before depositing actual SiCF films, it is
possible to remove organic contaminants or residual native oxide on the substrate surface
by using CF4 only. Also, it can activate the surface prior to deposition of SiCF films and
thereby improve the film adhesion to substrates.
▪ In-situ variation in film properties during deposition:
Process conditions affect the properties of films. By changing process parameters during
deposition, properties such as film stress, and refractive index, can be changed and/or
controlled.
▪ In-situ encapsulation:
The SiCF films can be encapsulated by employing other PECVD films to improve certain
properties. For example, to improve hardness of the films while maintaining its low-k
property, the fluorinated-diamond-like-carbon (F-DLC) process can be employed to
deposit thin layers before and after the SiCF deposition.
▪ In-situ surface modification:
After SiCF film deposition, the top of the film can be modified or modulated. The latter is
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sometimes preferred for a subsequent processing step. For example, a certain modified
surface may be required for electroless plating for metallization. The process can deposit
modulated surfaces, such as a –C=C– chemical bond enhanced layer at the surface.
Plasma processes include complex reactions or interactions, such as polymerization,
thermal and physical ablation, and chemical and physical etching. The mechanism of SiCF
deposition is illustrated in Fig 2.3. The scheme of SiCF deposition is extended from the overall
mechanism of plasma polymerization proposed by Yasuda [61], including the role of trapping
agents. Here, the possible dominant reactions in the CF4-Si2H6 plasma system are considered
including polymerization and the fluorine trapping intermediate states, adsorption on substrate
surface, etching, thermal/physical ablation, and the residual oxide reaction with Si2H6. In
intermediate states, interactions among electrons, radicals, ions, atoms and molecules occur.
Possible interactions of electrons with CF4 can be written as [61]:
e- + CF4 →
CF4*

CF4* +

→ CF3• +

e-

F•

or as,
e- + CF4 → CF3• +

F-

e- + CF4* → CF3+ + F + 2e-.
Here X• and X* denote free radical and excited states of species X respectively. Above reactions
are a major source of free radicals and negative ions. Dissociation and ionization of Si2H6
comprises of H+ ions and radicals of –SiHn. These radicals and ions are involved in trapping of
fluorine. The Si2H6 precursor used in this work is diluted with He. The inert gas atoms of He can
be excited to metastable states in the plasma. The metastable inert atoms can transfer the energy
to other active species via inelastic collisions, which results in more generation of ions and
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Fig. 2.3 Overall mechanism of plasma SiCF deposition utilizing CF4-Si2H6 system.
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radicals [67]. The trapping reactions can be written as:
- SiHn + (4-n)F- → SiHnF4-n (gas) ↑
and

H+

+

F-

→ HF(gas)

↑.

Also, the radicals of –SiHn and even the Si2H6 precursor itself can react with residual oxide,
resulting in unwanted silicon oxides on films. Etching and physical ablation processes can be
involved on already deposited films as written below [61]:

or

(CF2-x)n(solid) + F + ion bombardment

→

CnF2n+2(gas)

↑

- (CF3)(solid)

→

CF4(gas)

↑.

+ F + ion bombardment

These gas-phase products can involve other chemical reactions in the plasma. Additionally,
thermal ablation process can be involved on already deposited films when the ion bombardment
on the substrate is intense enough to heat the substrate. The adsorption process can be physical or
chemical. Physical adsorption is caused by van der Waals force in gas-surface combinations
under proper process conditions. Chemical adsorption (chemisorption) is caused by the chemical
bonds of adsorbed atoms to surface atoms. This process depends strongly on the particular gas
and surface.
2. 3

Film Characterization

2.3.1

Thickness and Surface Morphology
An ellipsometer (Model II, Applied Materials Inc.) is used to measure the thickness and

refractive index of SiCF films. It utilizes a He-Ne laser source at the wavelength of 632.8 nm. An
optical profiler (Wyko NT 3300, Veeco Instruments Inc.) is used for the measurement of
thickness and roughness in phase shift interferometer (PSI) mode and vertical scanning
interferometer (VSI) mode, respectively.
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2.3.2 Composition and Bonding Analysis
The analyses of chemical composition and bonding are performed by examining the
Fourier transform infrared (FTIR) and X-ray photoelectron spectra. Infrared spectra are collected
at a resolution of 4 cm-1, over a 64-scan average using a Nexus spectrometer (Model 870,
Thermo Nicolet). The spectrometer is purged with dry nitrogen for at least 20 minutes in order to
remove gas-phase contaminants such as carbon monoxide, carbon dioxide and moisture, before
collecting each spectrum.
X-ray photoelectron spectroscopy (XPS) is used to determine the relative composition
and chemical bonding structure of the SiCF film. XPS is a surface sensitive technique and gives
information limited to essentially the top 5 nm of the film [68]. Photoelectrons are ejected from
the sample when it is exposed to X-rays. The kinetic energies of these photoelectrons are
measured by the detector, and the electron binding energy can be calculated based on
EB = hν - Ek - φspec
where EB is the binding energy of the ejected electrons, hν corresponds to the incident energy of
the X-rays (1486.6 eV for Al Kα and 1253.6 eV for Mg Kα radiation), Ek is the measured kinetic
energy of the ejected photoelectrons, and φspec is the work function which is a constant for a
given spectrometer [69]. Spectra are collected in this study, using a Mg Kα anode on a XPS
system at ExxonMobil Chemical Co. and also with an Al Kα anode on a XPS system (Axis 165
XPS) at Kratos Analytical Ltd.
2.3.3

Electrical Properties
High frequency capacitance-voltage (C-V) and ramp current-voltage (I-V) measurements

are carried out for evaluating the dielectric constant and breakdown field strength of SiCF films
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at room temperature. Metal-insulator-semiconductor (MIS) capacitors are fabricated for
conducting these measurements by standard photolithography techniques. Aluminum deposited
by a sputtering system (Coating system E360A, Edwards) is used for metal contacts. Ohmic
contact to the backside of the silicon wafer is obtained by E-beam evaporation of aluminum in a
Temescal BJD-1800, Edwards deposition system.
The capacitance of SiCF films is measured by C-V characteristics using an HP 4275A
LCR meter by superimposing a 25 mV ac signal at 1 MHz on a dc voltage with a sweep rate of
20 mV/sec [18, 70]. The relative dielectric constant k of the film is then calculated from the
relation:

k=

1 C×t
ε0 A

where C is the capacitance measured in accumulation from the C-V curve, t is the thickness of
the film, ε0 is the permittivity of free space and A is the area of the aluminum contact on the
films.
The I-V measurements are performed by using an HP 4140 voltage source and a Keithley
485 picoammeter, applying a dc voltage with a ramp rate of 1 V/sec. The leakage current and
average breakdown field strength of the films are determined from the I-V characteristics.
2.3.4

Chemical and Thermal Stability

The influence of chemical exposure due to aluminum etchant on thickness of the SiCF
films is investigated. Chemical exposure during sample preparation for C-V measurements can
affect thickness. As-deposited films without any aluminum layer are immersed in the Al etchant
comprising of HNO3 : CH3COOH : H3PO4 : H2O in volume ratio of 1:1:17:1 for one hour to
study chemical stability.
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Even though fluorine containing materials are considered as potential candidates for low
dielectric constant interlayer dielectric materials in ULSI technology, one major drawback of
fluorocarbon films is its thermal stability [36, 38-40, 71]. Thermal stability of these materials is
necessary, since post-metallization IC fabrication processing steps typically reach 400 °C [72].
Thermal stability of the films is evaluated by thickness changes measured after thermal
annealing. The films are annealed for one hour under an Ar ambient at 400 °C in a furnace (Type
54352, Lindberg). Analysis of the FTIR spectra is performed to determine the nature of the
chemical bond structure of the films before and after the annealing process. The effect of
annealing on the dielectric constant is obtained from the C-V measurements described earlier.
2.3.5

Optical Properties

The evaluation of the optical characteristics of the deposited layers is performed at room
temperature. The measurements include refractive index, optical transparency and energy gap by
using an ellipsometer (Model II, Applied Materials Inc.) and a NIR-UV-VIS spectrophotometer
(Model U-4001, Hitachi).
The refractive indices of the films deposited on silicon wafers are obtained by using the
ellipsometer. In the visible range, the refractive index n of a material is mainly determined by the
polarizability of the valence electrons and its density according to the Lorentz-Lorentz theorem
[73]. The relationship between the dielectric constant and the electronic polarization, at optical
frequencies where only electronic polarization is present, is given by Maxwell’s identity:
k = n2 .
The refractive indices of thin films are also influenced by impurities, crystallinity, density,
porosity, types of bonding as well as composition [35].
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To investigate the characteristics of optical transmission and optical energy gap Eog, the
SiCF film samples are deposited on quartz plates. The optical transmission data are obtained in
the wavelength range of 200 nm to 800 nm by the NIR-UV-VIS spectrophotometer at room
temperature. The optical energy gap of the films is calculated from a plot of Tauc extrapolations
given by the equation [Appendix B]:

αE = β ( E − E og )
where α denotes absorption coefficient, β denotes a constant slope of the Tauc extrapolation, and
E and Eog represent photon energy and the corresponding optical gap respectively [74-78].
2.3.6 Mechanical Properties

During film formation, residual stress may build up due to process parameters such as
substrate temperature, growth rate and ion energy flux, as well as due to differences in the
thermal expansion coefficients between the film and the substrate. This stress can result in poor
adhesion, delamination and other problems during subsequent processing [72]. The residual
stress αr is obtained by Stoney’s equation [79]:
⎞⎛

⎛

2

⎞

t
1 E
1
α r = ⎜⎜ s ⎟⎟⎜⎜ s ⎟⎟
6 ⎝ 1 − ν s ⎠⎝ t f ⎠ R
where Es, ts and νs are the elastic modulus, thickness and Poisson’s ratio of the silicon substrate,
respectively; tf is the thickness of the film; and R is the radius of curvature of the silicon
substrate with the film. The radius of curvature R is measured by an interferometer (Mark IVxp,
Zygo).
The evaluation of hardness H is performed using a nano-indenter (Nanoindenter®, Nano
Instruments Inc.) at room temperature. The resolutions of load and displacement are 0.3 µN and
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0.16 nm, respectively. TriboScope® software (Hysitron Inc.) is used to obtain values from the
nanoindenter [Appendix C]. The hardness is determined from the equation:
H=

Pmax
A

where Pmax is the peak load and A is the projected area of indenter contact at peak load [80, 81].
2.3.7

Contact Angle Measurement for Surface Modification

The process development for electroless copper metallization on SiCF films is based on
three steps: i) surface modification of SiCF films, ii) seed layer deposition on the surface
modified SiCF films and iii) electroless Cu deposition on the seed layer/SiCF films. In the study
of surface modification of SiCF films, chemical modification of the film surface is employed
using n-lithiodiaminoethane, which is synthesized by diamine and n-butyllithium. It has been
reported that n-lithiodiaminoethane is tethered to the polymer backbone via an alkane or
carbonyl bridge to form amide bonds [54, 55]. The amine-terminated surface provides
hydrophilic characteristics.
Evaluation of the surface is performed by contact angle measurement using a video
contact angle system (VCA-2000, AST Products Inc.). Contact angle is defined as the angle
between the solid surface and the tangent of the liquid-vapor interface of a sessile drop, as shown
in Fig. 2.4. The angle specifies the conditions for minimum energy according to Young’s
equation [82]:
cosθ =

γ SV − γ SL
γ LV

where γLV is the interfacial tension of liquid in equilibrium with the surrounding vapor, γSV is the
solid-vapor surface tension, and γSL is the solid-liquid surface tension. Other conditions, such as
capillary, gravitational, and mechanical forces, affect this angle [61]. The sessile drop has to be
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at equilibrium. Generally, θ = 90° is defined as the boundary between non-wetting (θ > 90°) and
wetting (θ < 90°) [82].

Vapor
γLV
Liquid
γSL

θ

γSV

Solid

Fig. 2.4 Sessile drop with surface tension acting at the three-phase
line of contact.
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Chapter 3
Preparation of Low-k Fluorocarbon Films Containing Silicon by
PECVD*

3. 1

Introduction

As a candidate low-k dielectric material for possible application in ULSI, there are two
major requirements, which pertain to i) material’s electrical properties and ii) process
compatibility. Electrical property is crucial, especially in the film’s dielectric constant value and
its breakdown field strength.
In this chapter, preparation of fluorocarbon films containing silicon (SiCF) by plasma
enhanced chemical vapor deposition (PECVD) is presented. Their electrical properties and film
composition are examined. The precursors for the deposition of the SiCF films were Si2H6 (5 %
by vol. in He) and CF4. The effect of rf power on deposition rate and refractive index is
discussed. The effect of flow rate ratio on electrical properties and spectroscopic analysis is also
discussed. The results of electrical properties are obtained from high frequency capacitancevoltage (C-V) and ramp current-voltage (I-V) measurements. X-ray photoelectron spectroscopy
(XPS) is used as a spectroscopic analysis technique to determine composition.

* Based on “Preparation of low dielectric constant silicon containing fluorocarbon films by plasma enhanced
chemical vapor deposition”, Journal of Vacuum Science and Technology B, 19(1), Jan/Feb 2001, p314, contents
reproduced by permission of JVST B. See Appendix D (page 148).
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3. 2

Experiment

The SiCF films were deposited on boron doped p-type (100) Si wafers with resistivity in
the range of 5 – 15 Ω-cm. The Si substrates were cleaned according to the standard RCA
cleaning procedure. The substrate temperature and the process pressure were maintained at
180 °C and 700 mTorr, respectively. The SiCF films were deposited by varying the flow rate
ratio of CF4/Si2H6 from 23 to 35. The rf power was varied from 50 to 300 W. Film composition
was analyzed by XPS using Mg Kα irradiation (1253.6 eV). The thickness of the films was
measured using an ellipsometer (Model II, Applied Materials Inc.) and an optical profiler (Wyko
NT 3300, Veeco Instruments Inc.). Metal-Insulator-semiconductor (MIS) capacitors with gate
area of 2.46 × 10-3 cm2 were fabricated by standard photolithography technique. Aluminum was
used for the metal contact. The high frequency C-V measurements were performed using an HP
4275A LCR meter with a 25 mV ac signal at 1 MHz superimposed on a dc voltage with a dc bias
sweep rate of 20 mV/s. The I-V measurements were performed using a HP4140 voltage source
and a Keithley 485 picoammeter. All measurements were performed on as-deposited films at
room temperature.
3. 3

Results and Discussion

3.3.1

Film Deposition

The deposition rate and refractive index of the films as a function of rf power for the flow
rate ratio of CF4/Si2H6 at 28 are shown in Fig 3.1. Total flow rate of Si2H6 (5 % by vol. in He)
and CF4 was maintained at 27.5 sccm. The rf power is a critical parameter that affects the
deposition mechanism since it controls the amount of dissociation of precursors. It was observed
that the deposition rate of the films at the rf power of 50 W was 14.5 nm/min. As the rf power
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Fig. 3.1 Deposition rate and refractive index of SiCF films as a
function of rf power. The flow rate ratio of CF4/Si2H6,
process pressure, substrate temperature and total flow rate
are 28, 700 mTorr, 180 °C and 27.5 sccm, respectively.
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increased to 200 W the deposition rate increased accordingly. The deposition rate, however,
decreased for 250 and 300 W. It is suggested that increase in rf power up to 200 W dissociated
greater amounts of precursors, thus producing greater amounts of radicals involved in film
deposition which resulted in an increase in the deposition rate. It is also suggested that increasing
the rf power beyond 200 W enhances ion bombardment (especially CFx and F ions) on the
surface of the growing films which results in increasing the competitive events of etching and
physical ablation. It is observed from Fig. 3.1 that the films deposited with rf power of 150 W or
higher had a significantly lower refractive index than the films deposited below 150 W. It is
suggested that an increase in rf power dissociates greater amounts of precursors, thus producing
greater amounts of radicals involved in film deposition. Lower refractive index of the films
deposited with rf power of 150 W or higher may indicate that more fluorine atoms are
incorporated in the films, which result in a decrease in the amount of cross-linkage and an
increase in free volume fraction [83]. In addition, incorporation of fluorine reduces the
polarizability thus lowering the dielectric constant [4, 10, 15].
Figure 3.2 shows the deposition rate as a function of flow rate ratio of CF4/Si2H6 at the rf
power of 200 W which gave the highest deposition rate and the lowest refractive index in Fig.
3.1. The flow rate ratio of CF4/Si2H6 was varied from 23 to 35. Table 3.1 gives the total flow rate
for each case. Slight variation in the value of the total flow rate for each case is due to the
existing mass-flow controllers, which are calibrated for Ar gas. The actual flow rates of Si2H6
(5 % by vol. in He) and CF4 were obtained from equivalent Ar flow controller settings. It was
observed that the deposition rate decreased as the flow rate ratio of CF4/Si2H6 increased. In
particular, for the largest flow rate ratio of 35, there was no deposition. Etching mechanism
clearly dominates deposition at this high CF4/Si2H6 flow rate ratio.
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Fig. 3.2 Deposition rate of SiCF films as a function of flow rate ratio
of CF4/Si2H6. RF power for film deposition is 200 W.
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Table 3.1 Flow rate ratio of CF4/Si2H6 and its total flow rate.

3.3.2

Flow rate ratio of
CF4/Si2H6

Total flow rate [sccm]

23

54

25

55.7

28

56.5

30.4

56.4
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Dielectric Constant and J-E Characteristics

Films for device samples for C-V and I-V measurements were prepared under the same
process conditions as in Fig. 3.2. The thickness of the aluminum metal gate of MIS capacitors
was approximately 200 nm. The average thicknesses of the films at various CF4/Si2H6 flow rate
ratios of 23, 25, 28 and 30.4 were 112 nm, 114 nm, 93 nm and 60 nm respectively. The relative
dielectric constant of the SiCF films as a function of flow rate ratio of CF4/Si2H6 is shown in Fig.
3.3. The relative dielectric constant was calculated from the relation:
k=

1 C ×t
ε0 A

where t is the film thickness, C is the capacitance measured in accumulation from the C-V curve,
εo is permittivity of vacuum, and A is the gate area. The average relative dielectric constant
values of the films for CF4/Si2H6 flow rate ratios of 23, 25, 28 and 30.4 were 2.39, 2.56, 2.04 and
3.03 respectively. It was difficult to achieve the C-V curves for the film deposited with the
CF4/Si2H6 flow ratios of 30.4 because the film was too thin and had low breakdown strength.
This film is, hence, also likely to have a large deviation in its measured dielectric constant value.

40

Relative Dielectric Constant, k

4.0

Pressure: 700 mTorr
Substrate temp.: 180 °C

3.0

2.0

1.0

23

25

27

29

31

Flow Rate Ratio of CF4/Si2H6

Fig. 3.3 Relative dielectric constant of SiCF films as a function of
flow rate ratio of CF4/Si2H6. RF power for film deposition
is 200 W.
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Figure 3.4 shows typical J-E characteristics of the MIS capacitors fabricated from the
SiCF films for various flow rate ratios of CF4 to Si2H6. These measurements were carried out by
applying a negative bias at a ramp rate of 1 V/sec to the gate with respect to the substrate. It was
observed that the leakage current at the trapping ledge [84] was the lowest for the flow rate ratio
of 28. The trapping ledge is known to be a result of localized defects in films such as voids. For
each flow rate ratio, forty MIS capacitor samples, which have typical J-E characteristics as
shown in Fig. 3.4, were stressed to breakdown. It was observed that the average breakdown field
strengths were 5.95, 5.17, 4.74 and 2.12 MV/cm for the flow rate ratios of 23, 25, 28 and 30.4,
respectively. In the requirements for low-k dielectrics, the breakdown field should be larger than
2 – 3 MV/cm [4]. The films deposited with the flow rate ratios up to 28 were in the required
breakdown field strength.
3.3.3

Spectroscopic Analysis

Figure 3.5 shows atomic concentration values obtained from XPS measurements for
various flow rate ratios of CF4/Si2H6 with the same conditions of deposition as shown in Fig. 3. 2.
F, C and Si atoms, and naturally occurring oxygen atoms were detected. It was observed that for
the flow rate ratios of 23, 25 and 28, the composition of C and Si remained almost the same (57
at.% C and ~1 at.% Si), whereas the composition of F increased gradually (37 at.% to 41 at.%).
At the flow rate ratio of 30.4, no Si was detected. A small percent of detected oxygen atoms arise
from post-deposition atmospheric exposure and subsequent oxidation of trapped free radicals and
dangling bonds in the deposited films [85], as well as from residual oxygen present in the
process or measurement chamber. Comparing the amount of fluorine with the dielectric constant
in Fig. 3.3 shows that an increase in fluorine does not lead to a low-k value for the flow rate ratio
of 30.4. It has been reported that amorphous fluorocarbon films have low values for relative
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Fig. 3.4 J-E characteristics of MIS capacitors fabricated using SiCF
films for various flow rate ratios of CF4/Si2H6. RF power,
process pressure and substrate temperature for film deposition
are 200 W, 700 mTorr and 180 °C, respectively.
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Fig. 3.5 Atomic concentration from XPS measurements for various flow
rate ratios of CF4/Si2H6. RF power, process pressure and
substrate temperature for film deposition are 200 W, 700 mTorr
and 180 °C, respectively.
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dielectric constant (k = 2.1 – 2.8) with good thermal stability when the concentration of fluorine
in those films was 40 – 50 at.% [17].
XPS spectra in Fig. 3.6 correspond to the samples shown in Fig. 3.5. The bonding states
of carbon, C 1s, are shown for each flow rate ratio of 23, 25, 28 and 30.4. In addition to C–F2
bond groups, which are found in polytetrafluoroethylene (PTFE), the films also contain CF3, CF,
C–CFx and C–C bond groups. The peaks are convoluted into 5 components of C–C at 285 eV,
C–CFx at 287 eV, C–F at 289 eV, C–F2 at 292 eV and C–F3 at 294 eV [41, 71, 86]. Although
small amounts of oxygen are present in the films, it is difficult to account for oxygen atoms in
the C 1s spectrum deconvolution because oxygen is rarely bonded to C 1s [87]. The bond of C–
F3 has been reported as a chain-terminating group in cross-links of fluorocarbon [37]. The C–CFx
concentration is the primary bonding configuration indicating the films are highly cross-linked.
The C–F2 and C–F3 bond groups for flow rate ratio of 30.4 show a large increase with respect to
the primary bonding group.
3. 4

Summary

SiCF films have been deposited by the PECVD technique using Si2H6 and CF4 as
precursors. It is shown that, by varying the flow rate ratio of CF4/Si2H6, it is possible to control
the atomic ratio of fluorine to carbon (F/C), without changing or adding other precursors. Low
dielectric constant of approximately 2.0 was observed for the rf power of 200 W and the flow
rate ratio of CF4/Si2H6 at 28 with the substrate temperature of 180 °C and process pressure of
700 mTorr. In addition to this, an average breakdown field strength of 4.74 MV/cm was
observed for films with CF4/Si2H6 flow ratio of 28.
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Fig. 3.6 XPS spectra of C 1s for various flow rate ratios of CF4/Si2H6.
RF power for film deposition is 200W. Flow rate ratio = (a) 23,
(b) 25, (c) 28 and (d) 30.4.
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Chapter 4
Process Optimization for Thermal Stability of Low-k SiCF Films by
PECVD

4. 1

Introduction

Ultra low-k materials (k < 2.1) for 45 nm technology node is desired in order to minimize
RC delay. Fluorocarbon films have recently gained interest as one of potential low-k materials
for ULSI fabrication. The relative dielectric constant of amorphous fluorocarbon (a-C:F) films
was reported as low as 2.0 [38, 39, 41], but the films were thermally unstable. The thermal
stability is a crucial problem for fluorine-containing materials as well as for organic polymers,
because the materials must withstand subsequent heat treatment processing such as annealing at
400 °C. An increase in the amount of fluorine leads to a lower dielectric constant, but at the same
time it also results in poor thermal stability. Consequently, it is necessary to control the amount
of fluorine in the deposition process and to optimize the process parameters for thermal stability
while maintaining a low-k value.
SiCF films deposited by PECVD in this work are characterized with respect to varying
process factors such as rf power, process pressure, substrate temperature and the flow rate ratio
of CF4/Si2H6 in order to optimize the deposition process for the amount of fluorine in SiCF films
and the thermal stability of the films. A systematic set of experiments is designed to arrive at
optimized film deposition conditions [88, 89]. In order to study process parameters for film
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deposition, the maximum range of film deposition parameters is first chosen such that they are i)
within the capability of the PECVD system and ii) are based on process conditions which do not
result in visible defects in the deposited films. Next, the film deposition parameters are screened
based on results from film surface roughness and adhesion to Si substrate. The film adhesion is
an essential criterion for the development of film technology. Also, the film roughness is a
crucial criterion as the technology is developed for ULSI applications. The effect of the process
parameters on the deposition rate and shrinkage are next evaluated. Dielectric constant of SiCF
film is measured before and after heat treatment. XPS spectra are discussed on a thermally stable
SiCF film. Also, the influence of aluminum etchant on the thickness of the SiCF films is
investigated.
4. 2

Experiment

4.2.1

Preliminary Study for Film Deposition

In order to perform process optimization for thermal stability of low-k SiCF film, first,
the range of process parameters need to be defined. The maximum range of each process
parameter was chosen qualitatively based on i) the parameter-input capability of the PECVD
system and ii) the parameter conditions for which the deposited films do not have any visible
defects. The powder formation on film surface, significant non-uniformity including partial
deposition, crack or partial peeling was considered as a visible defect.
For preliminary film deposition study, the SiCF films were deposited by varying process
parameters, called test levels, as listed in Table 4.1. The total flow rate and process pressure
simultaneously affect the residence time for a gas molecule in plasma. One of them has to be
fixed to evaluate process parameters. Thus, the total flow rate of Si2H6 (5 % by vol. in He) and
CF4 was maintained constant at 73 sccm. The films were deposited on boron doped p-type (100)
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Table 4.1 Process parameters and their test levels for preliminary film deposition study.
Parameters
RF power
Process pressure
Substrate temperature
Flow rate ration (CF4/Si2H6)

Levels
50 – 300 with an increment of 50

[W]

300 – 900 with an increment of 200 [mTorr]
40 – 220 with an increment of 60

[°C]

15 – 36 with an increment of 3

Si wafers with resistivity of 10 – 20 Ω-cm, after RCA wafer cleaning. The film deposition rate
obtained in the previous chapter was in the range of 10 – 20 nm/min, and the measurable
thickness range of the ellipsometer is in the range of 10 – 240 nm. Thus, the deposition time was
fixed to 6 minutes for this study.
The test levels of rf power were chosen in the range of 50 – 300 W with an increment of
50 W based on the capability of the rf power supply. The maximum supply power was 500 W,
but it was limited to 300 W in this study as film deposition rate became negligible in the rf power
range of 250 – 300 W. The plasma discharge was unstable below 50 W hence, giving the lower
power value of 50 W.
The test levels of the process pressure in the range of 300 – 900 mTorr with an increment
of 200 mTorr were chosen based on the stability of plasma discharge. Above 900 mTorr the
plasma discharge was unstable. There was no film or powder formation on most films at or
below 300 mTorr.
The test levels of substrate temperature in the range of 40 – 220 °C with an increment of
60 °C were chosen based on the capability of the substrate heater and the uniformity of the
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heated bottom electrode area. Low temperature film growth techniques are often desired to
reduce intrinsic stress in semiconductor processing technologies. For this reason, the test levels
of the substrate temperature were kept lower. Additionally, film deposition at room temperature
was attempted, but this temperature could not be maintained consistently for different runs in a
sequence. Thus, the minimum test level of 40 °C was chosen for the substrate temperature. Most
films deposited at substrate temperature of 220 °C with a flow rate ratio below 21 showed
defects of partial peeling or partial deposition. Hence, the choice of 220 °C is the highest
temperature in this study.
The flow rate ratio of gaseous precursors is the most important process parameter
because it is the fundamental source for chemical species transport and determines the type and
stoichiometry of films deposited affecting film properties. Therefore, the test levels of the flow
rate ratio of CF4/Si2H6 were chosen over a wide range of values from 15 to 36 with small
increments. All films deposited at the flow rate ratio of 15 and the films deposited at the ratio of
18 with high process pressure showed defects of partial deposition and/or partial peeling. There
was either no or immeasurably small film deposition at flow rate ratio above 30.
As a result of the preliminary study on film deposition, the following process parameters
and their test levels for the subsequent screening experiment were obtained: rf power in the range
of 50 – 200 W, process pressure in the range of 500 – 900 mTorr, substrate temperature in the
range of 40 – 160 °C and the flow rate ratio of CF4/Si2H6 in the range of 21 – 30. With this
qualitative analysis of the preliminary study, a couple of points should be stated. First, certain
defects were observed on some of the films that did not follow a normal tendency with changes
in the test levels for process parameters. It was discovered that these defects were influenced by
the results of preceding depositions in two specific ways: i) reaction with residual deposits on the
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deposition chamber from prior deposition, and ii) reaction with residual gas of prior deposition in
the gas feeding line between the chamber inlet and the MFCs. Therefore, it was found necessary
to clean the deposition chamber and purge the inlet lines after each deposition. The cleaning
process was performed using CF4 plasma with 200 W of rf power, 150 mTorr of process pressure
and 30 sccm of CF4 flow rate for 10 minutes. Also, the order of individual deposition should be
randomized in order to avoid systematic skewing of results. Randomization means random
allocation of the order in which individual depositions are conducted [88].
4.2.2

Screening Study

Screening experiments which identify the most important process factors in terms of film
surface roughness and adhesion to Si substrate were performed first [89]. Tape test using a 3M
Scotch tape was performed to evaluate adhesion of SiCF films. The roughness of film surface
was measured using an optical profiler (Wyko NT3300, Veeco Instruments Inc.) in vertical
scanning interferometer (VSI) mode. Two kinds of roughness were considered simultaneously
for screening. Definitions of roughness are given in Appendix E. One is arithmetic average
deviation of the assessed profile, i.e. average roughness Ra, and the other is average maximum
height of the profile, i.e. ten-point average roughness Rz. The value of Rz gives important
information for subsequent processes such as CMP and metallization for submicron technology
node. The value of Rz higher than 0.1 µm will be a reliability problem for the film. Table 4.2
shows process factors and test levels for screening experiment based on the results of the
preliminary study. The total number of possible combinations is 144.
The roughness results for the possible 144 combinations are shown in Figs. 4.1 – 4.3.
Samples prepared at the rf power of 50 W showed mostly Rz values higher than 0.1 µm. Poor
adhesion was also observed on the samples prepared at the substrate temperature of
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Table 4.2 Process parameters and their test levels for the screening experiment.
Parameters
RF power

Levels
50, 100, 150 and 200
500, 700 and 900

Process pressure

40, 100 and 160

Substrate temperature
Flow rate ratio (CF4/Si2H6)

[W]
[mTorr]
[°C]

21, 24, 27 and 30

100 °C and below. Therefore, the test parameters for the rf power of 50 W and the substrate
temperature of 40 °C and 100 °C were screened out. However, the test parameters of gas flow
rate ratio were maintained in order to study the effect of Si2H6, which is considered a fluorinetrapping agent. Table 4.3 shows test parameters following the process screening results of
roughness and adhesion tests.
A general full-factorial experiment used to evaluate the effects of the most important
factors [89] has been carried out with process parameter test levels shown in Table 4.3. After
depositing SiCF films with combinations of the test levels shown, the thermal treatment of the

Table 4.3 Process parameters and their test levels after the screening experiment.
Parameters

Levels

RF power

100, 150 and 200

[W]

Process pressure

500, 700 and 900

[mTorr]

Flow rate ratio (CF4/Si2H6)

21, 24, 27 and 30

Substrate temperature

160
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[°C]
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(b)

15

600

10

400

5

200

0
20

0
800

(c)
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(d)
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Fig. 4.1 Arithmetic average deviation of the assessed profile Ra (•) and average
maximum height of the profile Rz (∆) corresponding to the process
parameters of the SiCF film deposition at rf power (a) 50 W, (b) 100 W,
(c) 150 W and (d) 200 W (substrate temperature = 40 °C).
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Fig. 4.2 Arithmetic average deviation of the assessed profile Ra (•) and average
maximum height of the profile Rz (∆) corresponding to the process
parameters of the SiCF film deposition at rf power (a) 50 W, (b) 100 W,
(c) 150 W and (d) 200 W (substrate temperature = 100 °C).
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Fig. 4.3 Arithmetic average deviation of the assessed profile Ra (•) and average
maximum height of the profile Rz (∆) corresponding to the process
parameters of the SiCF film deposition at rf power (a) 50 W, (b) 100 W,
(c) 150 W and (d) 200 W (substrate temperature = 160 °C).
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films is performed at the annealing temperature of 400 °C in an Ar ambient for one hour.
Shrinkage after annealing has been considered as a property that indicates thermal stability. The
effect of the process parameters on deposition rate and shrinkage rate was evaluated using
statistical software, Minitab Release 13.31 (Minitab Inc.). A “main effect” plot is defined in the
software as a plot of the average value of a quantity at each level of a parameter. The “main
effect” is defined as change in response of average value of a quantity that is produced by a
change in the level of a parameter [88]. The order of individual depositions has been randomized
in this experiment in order to avoid systematic skewing of results due to system hysteresis if any
present.
4.2.3

Characterization Methods

An ellipsometer (Model II, Applied Materials Inc.) and an optical profiler (Wyko NT
3300, Veeco Instruments Inc.) were used to measure the thickness of the SiCF films. The
thickness values were utilized to obtain film deposition rates, shrinkage rates, and also dielectric
constant values from C-V measurements.
For C-V measurements, metal-insulator-semiconductor (MIS) capacitors with gate areas
of 3.53 × 10-3 cm2 were fabricated by a standard photolithography technique. Aluminum with
thickness of approximately 300 nm deposited by a sputtering system (Coating System E360A,
Edwards) was used for metal contacts. Aluminum contact on the backside of the silicon wafer
was deposited using an E-beam evaporation system (Temescal BJD-1800, Edwards). The
dielectric constant of SiCF films was obtained through C-V characteristics using a HP 4275A
LCR meter with a 25 mV ac signal at 1 MHz superimposed on a 20 mV/sec dc voltage bias
sweep [18, 70]. The analysis of chemical composition and bonding was performed by examining
XPS spectra. Spectra were collected using Al Kα anode XPS (Axis 165) at Kratos analytical Ltd.
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4. 3

Results and Discussion

4.3.1

Thermal Stability

As a result of screening experiments, the substrate temperature was maintained at 160 °C.
SiCF films were prepared with the parameter levels shown in Table 4.3. The deposition rate of
SiCF films as a function of flow rate ratio of CF4/Si2H6 is shown in Figs. 4.4 – 4.6 for process
pressure of 500, 700 and 900 mTorr, respectively. In each figure, the deposition rate is shown as
a function of flow rate ratio for rf power values of 100 W, 150 W and 200 W. Deposition rate
was measured to be in the range of 7 – 17 nm/min over a series of depositions. In Fig. 4.4, films
deposited with the power of 100 W at process pressure of 500 mTorr show a low deposition rate
for the lowest power and the lowest process pressure used in this set of experiments. Most of the
deposition rates, especially in Fig. 4.5, do not show a significant change with respect to the flow
rate ratio of CF4/Si2H6. It is mostly shown that the deposition rate increases as power increases.
However, the deposition rate for power of 200 W in Fig. 4.6 shows a decrease as the flow rate
ratio of CF4/Si2H6 increases. It is speculated that the etching mechanism may become dominant
at high power and high process pressure as flow rate ratio of CF4/Si2H6 increases.
The thermal stability of fluorine-containing materials is a crucial issue in integrated
circuit applications because, in general, these materials lose their thickness upon heat treatments
due to their low level of cross-linking [38, 90, 91]. Shrinkage of film thickness after annealing
has been considered as a property that indicates thermal stability. Shrinkage rate of samples is
shown in Figs. 4.7 – 4.9. Shrinkage rate is defined as a percentage of the thickness change by
annealing in an Ar ambient at 400 °C for one hour with respect to the thickness of the asdeposited films. Figure 4.7 shows shrinkage rate as a function of flow rate ratio for process
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Fig. 4.4 Deposition rate of SiCF films as a function of flow rate ratio
of CF4/Si2H6 at the rf power of 100, 150 and 200 W. Process
pressure, substrate temperature and total flow rate for film
deposition are 500 mTorr, 160 °C and 73 sccm, respectively.
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Fig. 4.5 Deposition rate of SiCF films as a function of flow rate ratio
of CF4/Si2H6 at the rf power of 100, 150 and 200 W. Process
pressure, substrate temperature and total flow rate for film
deposition are 700 mTorr, 160 °C and 73 sccm, respectively.
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Fig. 4.6 Deposition rate of SiCF films as a function of flow rate ratio
of CF4/Si2H6 at the rf power of 100, 150 and 200 W. Process
pressure, substrate temperature and total flow rate for film
deposition are 900 mTorr, 160 °C and 73 sccm, respectively.
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Fig. 4.7 Shrinkage rate of SiCF films as a function of flow rate ratio
of CF4/Si2H6 at the rf power of 100, 150 and 200 W. Process
pressure, substrate temperature and total flow rate for film
deposition are 500 mTorr, 160 °C and 73 sccm, respectively.
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Fig. 4.8 Shrinkage rate of SiCF films as a function of flow rate ratio
of CF4/Si2H6 at the rf power of 100, 150 and 200 W. Process
pressure, substrate temperature and total flow rate for film
deposition are 700 mTorr, 160 °C and 73 sccm, respectively.
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Fig. 4.9 Shrinkage rate of SiCF films as a function of flow rate ratio
of CF4/Si2H6 at the rf power of 100, 150 and 200 W. Process
pressure, substrate temperature and total flow rate for film
deposition are 900 mTorr, 160 °C and 73 sccm, respectively.
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pressure of 500 mTorr. It was observed that the shrinkage rate of the films at the rf power of 200
W was nearly zero for all levels of flow rate ratio. Negative values of shrinkage rate can be
attributed to experimental errors [20] in thickness measurement. The shrinkage rate for process
pressure of 500 mTorr shows an increase as the rf power is decreased. It appears that the level of
cross-linking degrades as the rf power decreases.
Figure 4.8 shows shrinkage rate as a function of flow rate ratio for process pressure of
700 mTorr. The shrinkage rate for the films deposited at the rf power of 100 W and 150 W
slightly increases as the flow rate ratio is increased. The incorporation of fluorine in the films
appears to degrade their thickness after annealing. However, the shrinkage rate for films
deposited at 200 W shows a 20 % increase at the flow rate ratio of 30. It may be considered that
the incorporation of fluorine in the film increases abruptly at rf power of 200 W and process
pressure of 700 mTorr, so that the level of cross-linking in the film is degraded. Similar results of
abrupt shrinkage were also observed by Endo et al. [86] on nitrogen doped fluorinated
amorphous carbon films deposited by varying the mixing ratio of nitrogen and fluorocarbon
gases when heat treated at 300 °C. The shrinkage rate for the deposited films at the rf power of
200 W and flow rate ratio of 27 shows tendency that is not obvious to explain and may be an
artifact of experimental error.
Figure 4.9 shows shrinkage rate for films deposited at 900 mTorr. The residence time of
radicals is directly proportional to process pressure [60], so that the deposition rate increases
generally as process pressure is increased. However, as shown in Figs 4.4 – 4.6, the deposition
rate did not increase as the process pressure was increased. Most films at process pressure of 900
mTorr showed a lower deposition rate than films at 700 mTorr. Significant decrease in
deposition rate was seen on films deposited at the rf power of 200 W and at a high flow rate ratio.
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It appears that the deposition rate decreases as the residence time of fluorine radicals in plasma
increases. Therefore, incorporation of fluorine on the films may also increase as the process
pressure increases, which results in large shrinkage values after annealing due to low level of
cross-linking. The shrinkage rate on films deposited at 900 mTorr also shows an increase as the
flow rate ratio is increased. Like the case for film grown at 700 mTorr, the shrinkage rate for film
deposited at the rf power of 100 W and flow rate ratio of 24 also shows tendency that is not
obvious to explain and be an artifact of experimental error.
Figure 4.10 shows “main effect” plots for each process parameter. A “main effect” plot is
a plot of the average values of a quantity at each parameter level. As an example, the deposition
rate of 11 nm/min at the power of 100 W in Fig. 4.10 (a) is obtained by the average deposition
rate for all films deposited with the power of 100 W regardless of all other process parameters.
The slope of this plot gives changes in the quantity of interest to change in a process parameter.
From Fig. 4.10 (a), for the film deposition rate, rf power is seen as the main factor affecting the
deposition rate. The dotted horizontal line in Fig. 4.10 (a) indicates average deposition rate for all
films. In Fig. 4.10 (b), process pressure and the gas flow rate ratio of CF4/Si2H6 are shown as
main factors affecting the shrinkage of SiCF films. Therefore, thermal stability of SiCF films is
mainly affected by process pressure as well as the flow rate ratio of CF4/Si2H6. The dotted
horizontal line in Fig. 4.10 (b) indicates average shrinkage rate for all films.
Device samples for C-V measurements were prepared under the conditions that were
screened by the results of the “main effect” measurement curves with the gas flow rate ratios of
21, 24, 27 and 30. From the “main effect” plot for shrinkage rate in Fig. 4.10 (b), the process
pressure of 900 mTorr was not used in sample preparation for C-V measurement because it
showed a large shrinkage rate. However, the flow rate ratio of 30 was maintained for the
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Fig. 4.10 “Main effect” plots for (a) deposition rate and (b) shrinkage rate as
functions of various process factors: rf power, pressure and flow
rate ratio of CF4/Si2H6 (substrate temperature = 160 °C).
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preparation even though it showed a large shrinkage rate. This was done in order to study the
effect of Si2H6, which is considered a fluorine-trapping agent. Process pressure of 500 mTorr and
700 mTorr at rf power of 200 W were used as process conditions. The substrate temperature was
maintained at 160 °C. Figures 4.11 and 4.12 show the relative dielectric constant of SiCF films
as a function of flow rate ratio of CF4/Si2H6 at 500 mTorr and 700 mTorr, respectively. These
figures also show the relative dielectric constant values after the annealing process performed at
temperature of 400 °C in an Ar ambient for one hour. In Fig. 4.11, the relative dielectric constant
in the range of 2.0 – 2.2 was observed without shrinkage as seen from Fig. 4.7 on the sample
prepared under rf power of 200 W and process pressure of 500 mTorr and with the flow rate
ratios of CF4/Si2H6 at 27 and 30. In Fig. 4.12, the sample prepared under rf power of 200 W and
process pressure of 700 mTorr with the flow rate ratio at 27 shows the relative dielectric constant
of about 2.3 without changing its value after annealing. However, the shrinkage rate is relatively
large at the process pressure of 700 mTorr in Fig. 4.10 (b). This sample has a narrow process
condition of flow rate ratio between the ratio of 24 showing a large k value and the ratio of 30
showing a poor thermal stability. Also, as considered in Fig. 4.8, an experimental error in
thickness measurement might be involved. Therefore, the rf power of 200 W, process pressure of
500 mTorr, substrate temperature of 160 °C and the flow rate ratio of CF4/Si2H6 of 27 and 30 are
considered as optimized process conditions for thermal stability while maintaining a low-k value.
4.3.2

Spectroscopic Analysis

Figure 4.13 shows XPS spectra of the sample prepared under optimized process
conditions comprising of 200 W rf power, 500 mTorr process pressure, 160 °C substrate
temperature and the flow rate ratio of CF4/Si2H6 of 27. This sample along with the sample for CV measurement, which has the properties of low dielectric constant (k = ~2.2) and good thermal
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Fig. 4.11 Relative dielectric constant of SiCF films as a function of
flow rate ratio of CF4/Si2H6 before and after annealing at
400 °C in an Ar ambient for one hour. RF power and process
pressure for film deposition are 200 W and 500 mTorr,
respectively.
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Fig. 4.12 Relative dielectric constant of SiCF films as a function of
flow rate ratio of CF4/Si2H6 before and after annealing at
400 °C in an Ar ambient for one hour. RF power and process
pressure for film deposition are 200 W and 700 mTorr,
respectively.
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Fig. 4.13 C 1s XPS spectra of SiCF film deposited under optimum
process conditions of 200 W rf power, 500 mTorr process
pressure, 160 °C substrate temperature and 27 flow rate ratio of
CF4/Si2H6.
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stability, were prepared simultaneously. Compared to the XPS spectra shown in Fig. 3.6 (c), the
peaks of C–F2 and C–CFx in Fig. 4.13 are dominantly larger. On the other side, the peak ratios of
C–F3 to C–F in Fig. 4.13 and Fig. 3.6 (c) are similar to each other. As an additional result, the
shrinkage rate of the sample shown in Fig. 3.6 (c) was measured to be over 10 %. Here, the
bonds of C–F2 and C–CFx seem to affect the thermal stability of SiCF films.
4.3.3

Chemical Etchant Resistance

The influence of aluminum etchant was investigated on the thickness of the SiCF films to
see if chemical exposure would affect thickness. This would alter the thickness of thin films
while undergoing processing for device fabrication for C-V measurements. As-deposited films
without any aluminum layer were immersed in the etchant of HNO3: CH3COOH: 17H3PO4: H2O
for one hour. The thickness of films was measured by an ellipsometer (Model II, Applied
Materials Inc.) which utilizes a He-Ne laser source at 632.8 nm wavelength. Results showed no
influence of Al etchant on observed thickness of the film specimens deposited under various
different processing conditions.
4. 4

Summary

Low-k SiCF films were prepared using PECVD with precursors of CF4 and Si2H6 (5 %
by vol. in He) in order to optimize process parameters for films with good thermal stability and a
low-k value. An increase in the amount of fluorine in films leads to a low dielectric constant.
Also, the incorporation of fluorine appears to degrade the thermal stability. Initially, criteria of
roughness and adhesion were used to screen process conditions for film deposition. The
roughness average value Ra was 8.97 nm for SiCF films prepared under substrate temperature of
160 °C. The effects of process conditions on deposition rate and shrinkage rate were studied by
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employing the “main effect” plot in order to optimize the conditions for thermal stability while
maintaining low-k values. The main factor identified for film deposition rate was rf power. It
was shown that the deposition rate mostly increased as the rf power was increased. However, the
deposition rate was shown to decrease at 200 W and 900 mTorr as the flow rate ratio of
CF4/Si2H6 was increased. The main factors identified for the shrinkage rate were process
pressure and the flow rate ratio. As the flow rate ratio increased, the shrinkage rate significantly
increased at high pressure of 900 mTorr.
Optimized process conditions, which result in good thermal stability while maintaining a
low-k value (~2.0 – 2.2), have been obtained with the rf power of 200 W, process pressure of
500 mTorr, substrate temperature of 160 °C and the flow rate ratio of CF4/Si2H6 at 27 and 30.
There is no influence of Al etchant on the film thickness deposited under different processing
conditions.
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Chapter 5
Chemical Bond Structural Study and Optical and Mechanical
Properties of Low-k SiCF Films Prepared by PECVD

5. 1

Introduction

The basic properties to be evaluated for interlayer dielectric films are chemical/physical
properties, thermal properties and electrical properties. Chemical bonding structures, residual
stress, water absorption, planarity, impurities, etc. are important as chemical/physical properties
[1-7, 92]. Thermal stability is a major criterion for fluorinated films like a-C:F, SiOF and SiCF
[38-41, 93, 94]. As for electrical properties, the major criteria are the leakage current, breakdown
field strength and dielectric constant [1, 3-6]. Electrical properties and thermal stabilities of SiCF
films were discussed in chapter 3 and 4. In this chapter, chemical bond structural study and
optical and mechanical properties of SiCF films are discussed.
For chemical bond structural study, the SiCF films are synthesized by varying the flow
rate ratio of CF4/Si2H6, rf power, process pressure and substrate temperature. The Fourier
transform infrared (FTIR) spectra of the films are investigated for obtaining information on the
chemical bond structure. The effects of thermal annealing on the chemical bond structure are
also discussed. Optical transparency, optical energy gap, residual stress and hardness are
evaluated in the SiCF films synthesized by varying the flow rate ratio of CF4/Si2H6.
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5. 2

Experiment

5.2.1

Film Deposition

The deposition of SiCF films was carried out using the PECVD system described in
chapter 2 and 3. The total flow rate of Si2H6 (5 % by vol. in He) and CF4 was maintained at 73
sccm. The SiCF films were deposited on two different kinds of substrates; boron doped p-type
(100) Si wafers and 1 mm-thick quartz plates. The chemical bond structure and mechanical
properties were studied on films grown on Si substrates, and optical properties were studied on
films grown on quartz substrates.
For the study of chemical bond structures using FTIR, the thickness of SiCF films
deposited on boron doped p-type (100) Si wafers was about 200 nm. The Si wafers were cleaned
with the RCA cleaning method before film deposition. In order to investigate the dependence of
chemical bond structures of the SiCF films on process conditions, the flow rate ratio of
CF4/Si2H6, rf power, substrate temperature and process pressure were varied in the range of 21 to
30, 100 to 200 W, 40 to 160 °C and 500 to 900 mTorr, respectively.
In order to investigate the effects of thermal annealing on the chemical bond structure,
the deposition conditions of SiCF films were chosen following the results of the pre-screening of
process parameters and from the results of the “main effect” plots for shrinkage rate given in
chapter 4. The chosen deposition conditions were the same as the optimized process conditions
that resulted in shrinkage rates of ~0 %. The deposition conditions which showed shrinkage rates
of ~5.6 % and ~18.9 % were also chosen in order to compare the effect of chemical bond
structures on shrinkage rates. These films were annealed at 400 °C in an Ar ambient for one hour.
For investigating the dependence of optical properties of SiCF films on the flow rate ratio
of CF4/Si2H6 varied from 21 to 30, the SiCF films were deposited on 1 mm-thick quartz plates
74

(Quartz Scientific Inc.) with the optimized process conditions in chapter 4. The conditions are rf
power of 200 W, process pressure of 500 mTorr and substrate temperature of 160 °C. The optical
transmission data were obtained in the wavelength range of 200 nm to 800 nm using a NIR-UVVIS spectrophotometer (Model U-4001, Hitachi). Quartz is a good substrate material for the
measurement of optical transmission in the UV-visible range because of its high transmission
characteristics in the wavelength range of 300 nm to 800 nm and moderate transmission in the
range of 200 nm to 300 nm. Prior to film deposition, the quartz plates were prepared by the
following three steps: i) ultra-sonic cleaning with soaking in trichloroethylene (TCE) for 30
minutes at room temperature, ii) rinsing in sequence with acetone, isopropyl alcohol (IPA) and
deionized water followed by blow-drying with nitrogen gas, and iii) dehydrating in a convection
oven at the temperature of 200 °C for one hour.
For evaluation of mechanical properties of hardness and residual stress, the SiCF films
were deposited with the same process parameters as the optimized process conditions, which
resulted in good thermal stability and a low-k value. The optimized process conditions include rf
power of 200 W, process pressure of 500 mTorr, substrate temperature of 160 °C and the flow
rate ratio of CF4/Si2H6 at 27 and 30. However, the flow rate ratio was varied from 21 to 30 in
order to study the effect of Si2H6 in nanoindentation measurements.
5.2.2

Measurements

FTIR spectra of the deposited films were obtained with a Nexus spectrometer (Model 870,
Thermo Nicolet). A bare silicon wafer similar to one used for SiCF film deposition was initially
scanned 64 times with a resolution of 4 cm-1 in order to obtain the baseline. After scanning the
baseline, each SiCF film deposited on the silicon wafers was scanned 64 times again with the
same resolution. The FTIR spectra of deposited SiCF films were obtained by subtracting the
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spectra of SiCF films deposited on the wafer from the baseline spectrum. The spectrometer was
purged with dry nitrogen for at least 20 minutes before collecting each spectrum in order to
remove gas-phase contaminants such as carbon monoxide, carbon dioxide and moisture. The
measurements were performed at room temperature.
The evaluation of the optical properties for the deposited films, including optical
transmission and optical energy gap, was performed using a NIR-UV-VIS spectrophotometer
(Model U-4001, Hitachi). The film samples were scanned in the wavelength range of 200 nm to
800 nm at room temperature. Each SiCF film spectrum was obtained by subtracting the spectrum
of a bare quartz plate as the baseline from the spectra of films deposited on the quartz plates. The
optical energy gaps of the films were obtained from Tauc plot extrapolations [Appendix B]. The
formula of the Tauc plot is given by

αE = β ( E − E og )
where α denotes absorption coefficient, β is a constant as a slope of the Tauc extrapolation, and
E and Eog respectively represent the photon energy and the optical energy gap [74-78]. The
thickness of the films was measured by using an optical profiler (Wyko NT 3300, Veeco
Instruments Inc.).
The mechanical behavior of SiCF films was evaluated by performing nanoindentation
experiments using a Hysitron Triboscope® nanoindentation and nanoscratch device incorporated
on a Digital Instrument Dimension 3100 atomic force microscope. The load and displacement
resolution of the equipment is 0.3 µN and 0.16 nm, respectively. Each film was indented at a
minimum of three different spots with 165 µN load at room temperature. The multiple
indentations were spaced more than 10 µm away to avoid any proximity effect. The indentations
were performed using a load-time sequence as shown in Fig. 5.1. The Triboscope® allows AFM
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0
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Fig. 5.1 A load-time sequence for nanoindentations (peak load = 165 µN).
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imaging of surfaces prior to, and after indentation. A Berkovich-type pyramidal (three-sided)
indenter was employed to carry out nanoindentation measurements on films with thicknesses of
220, 250, 290 and 550 nm. The indenter shape function was obtained, by assuming the indenter
to be independent of the contact depth. Fused silica calibration standard was used as a
measurement. The film hardness H is calculated using the equation:
H=

Pmax
A

where Pmax is the peak load and A is the projected area of indenter contact at peak load
[Appendix C]. Reduced modulus Er = Ey/(1-ν2) can also be obtained from the nanoindentation
experiments. Here, Ey is elastic modulus and ν is Poisson’s ratio. Er is usually calculated from
the relatively straight portion of the load versus displacement unloading curve. No reliable values
could be obtained due to a small straight portion of loading curve observed in the measurements.
The residual stress αr was obtained by Stoney’s equation, which is explained in section
2.3.6. The radius of curvature R was measured by an interferometer (Mark IVxp, Zygo). The
thickness of the films was measured by using an optical profiler (Wyko NT 3300, Veeco
Instruments Inc.) and an ellipsometer (Model II, Applied Materials Inc.). The measurements
were performed at room temperature.
5. 3

Results and Discussion

5.3.1

Chemical Bond Structural Study

The infrared spectra of SiCF films consist of two broad absorption peaks. The peaks
between 980 and 1340 cm-1 correspond to random arrangements of fluorocarbon groups (C–Fx
groups) such as C–F3, C–F2 and C–F [60, 95]. The peaks between 1580 and 1800 cm-1 indicate
the double bonds associated with C=C, F2C=C and F2C=CF [96, 97]. Another peak centered at
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around 1100 cm-1 is considered to be an overlap of the C–O stretching mode at 1050 – 1150 cm-1
[97], the Si–O stretching mode at 1080 cm-1 [98] and the C–Fx group at 980 – 1340 cm-1. The
latter bands are considered here because from Fig. 3.5, reduction in the concentration of oxygen
is observed with increasing flow rate ratio of CF4/Si2H6. These oxygenated species arise from
post-deposition atmospheric exposure and subsequent oxidation of trapped free radicals and
dangling bonds in the deposited films [85] as well as from residual oxygen present in the process
chamber. The FTIR absorption bands for SiCF films are summarized in Table 5.1.
The FTIR spectra for the as-deposited SiCF films as a function of the flow rate ratio of
CF4/Si2H6 are shown in Fig. 5.2. The rf power, substrate temperature, process pressure and total
flow rate were 200 W, 160 °C, 500 mTorr and 73 sccm, respectively. These were considered to
be the optimized process conditions, as determined in chapter 4 based on good thermal stability
and dielectrical properties. As the flow rate ratio of CF4/Si2H6 increases, two peaks are changed
significantly. First, the C–O and the Si–O stretching mode absorption at around 1100 cm-1
decreases and C–F and C–F2 stretching mode absorptions between 1150 and 1340 cm-1 increase
with increasing CF4/Si2H6 ratio. Second, the relative dielectric constant reduces by increasing the
flow rate ratio as shown in Fig. 4.11. These oxygenated species of C–O and Si–O, prevalent at
the lower flow rate ratios of 21 and 24 in Fig. 5.2, correspond to higher values of the relative
dielectric constant of SiCF films shown in Fig. 4.11 for the same flow rate ratios. While, greater
amount of C–F and C–F2 bonds in the films grown at higher flow rate ratio results in lower
values of the relative dielectric constant. Hougham, et al. has reported the effect of fluorine on
dielectric properties of various commercial polymers, in which fluorine substitutions resulted in
the decrease of the relative dielectric constant due to a decrease in electronic polarization [35].
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Table 5.1 FTIR absorption bands for SiCF films.
Wavenumber [cm-1]

Bond species

Reference

C–F3

[60, 95]

1030 – 1070

C–F

[60, 95]

1050 – 1150

C–O stretch

[97]

1080

Si–O stretch

[98]

1160

C–F2 symmetric stretch

[60, 95]

1220

C–F2 asymmetric stretch

[60, 95]

1340

C–F stretch

[60, 95]

1430

C–C stretch

[98]

1500 – 1600

Aromatic C=C stretch

[96]

1600 – 1620

Olefinic C=C stretch

[97]

1718

F2C=C

[96, 97]

1781

F2C=CF

[96, 97]

980

80

R=21
F2C=CF

≈

C=C

F2C=C

C–C

≈
C–F3

Transmission [arb. units]

R=24
≈

≈

R=27
≈

≈

R=30
C–F
C–O, Si–O
C–Fx
200 W, 160 °C,
500 mTorr, 73 sccm
2200 2000 1800 1600 1400 1200 1000

800

Wavenumber [cm-1]
Fig. 5.2 FTIR spectra of the as-deposited SiCF films as a function of flow
rate ratio R of CF4/Si2H6 at 21, 24, 27 and 30. RF power, substrate
temperature, process pressure and total flow rate for film
deposition are 200 W, 160 °C, 500 mTorr and 73 sccm,
respectively.
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Figure 5.3 shows a comparison of infrared spectra of as-deposited SiCF films as a
function of rf power. Other process variables namely flow rate ratio of CF4/Si2H6, substrate
temperature and process pressure were maintained at their optimized values of 27, 160 °C and
500 mTorr, respectively. The rf deposition power was varied from 100 W to 200 W. The
presence of randomly distributed C–Fx absorptions between 980 and 1340 cm-1 is typical of
plasma polymerized amorphous fluorocarbon films [87, 99], and the C–C stretching mode
absorption at 1430 cm-1 indicates cross-link nature of the amorphous fluorocarbon films [99].
Increasing the rf power shows an increase in the C–Fx group absorptions at 980 – 1340 cm-1. The
spectrum at rf power of 100 W shows a small absorption of the fluorocarbon group. The C–Fx
absorptions at 1030 – 1340 cm-1 and the C–C absorption at 1430 cm-1 increase as the rf power is
increased. The C–O and Si–O stretching mode absorptions around 1100 cm-1 show a significant
decrease in the spectrum of rf power at 200W. However, the Si–C peak having weak and broad
absorption at 750 – 800 cm-1 is not seen in any of the FTIR spectra. The Si–C peak is also barely
observed in amorphous silicon carbide films [100].
Figure 5.4 shows a comparison of infrared spectra of the as-deposited SiCF films as a
function of process pressure. The flow rate ratio of CF4/Si2H6, substrate temperature and rf
power were 27, 160 °C and 200 W, respectively. The broad peaks between 1650 and 1800 cm-1
corresponding to F2C=C and F2C=CF and the C=C stretching mode at 1580 cm-1 show an
increase in absorption with an increase in the process pressure. The shrinkage rate of the sample
for 500, 700 and 900 mTorr resulted in ~0 %, ~0 % and 17 %, respectively. With an increase in
process pressure, the absorptions due to carbon double bonds increase with respect to the C–Fx
absorption. Hence, the films deposited at higher process pressure show higher shrinkage rates.
As stated about Figs. 4.8 and 4.9 in chapter 4, the films prepared at the process pressures of 700
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≈
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Wavenumber [cm-1]
Fig. 5.3 FTIR spectra of the as-deposited SiCF films as a function of rf
power at 100, 150 and 200 W. The flow rate ratio of CF4/Si2H6,
substrate temperature, process pressure and total flow rate for film
deposition are 27, 160 °C, 500 mTorr and 73 sccm, respectively.
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Fig. 5.4 FTIR spectra of the as-deposited SiCF films as a function of
process pressure at 500, 700 and 900 mTorr. The flow rate ratio of
CF4/Si2H6, rf power, substrate temperature and total flow rate for
film deposition are 27, 200W, 160 °C and 73 sccm, respectively.
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and 900 mTorr showed higher shrinkage than the films prepared at 500 mTorr. Process pressure
was identified as corresponding one of the “main effects” for the shrinkage rate in Fig. 4.10.
Low temperature film growth techniques are often desired to reduce or control intrinsic
stress in semiconductor and in micro-electro-mechanical system (MEMS) technologies [101103]. Fig. 5.5 shows a comparison of infrared spectra of the as-deposited SiCF films as a
function of substrate temperature. The flow rate ratio of CF4/Si2H6, process pressure and rf
power were 27, 500 mTorr and 200 W, respectively. The infrared spectrum of the as-deposited
film at 40 °C shows larger absorptions of the carbon double bonds with respect to the C–Fx
absorptions. The shrinkage rate of this film was 44.5 %. With an increase in substrate
temperature, the absorptions due to carbon double bonds significantly decrease with respect to
the C–Fx absorptions. After annealing the films at 400 °C for one hour, the shrinkage rates of the
films for 100 °C and 160 °C were 11 % and ~0 %. Hence, substrate temperature of 160 °C is also
one of the important process parameters for minimizing shrinkage of films.
Figures 5.6 and 5.7 show a comparison of infrared spectra of the SiCF films before and
after annealing at 400 °C for one hour in an Ar ambient. In Fig. 5.6, the deposition conditions for
rf power and substrate temperature were 200 W and 160 °C, respectively. The flow rate ratios are
27 and 30 with the process pressure of 500 mTorr. In these optimized process conditions, the
shrinkage rates were observed to be ~0 %. In the spectra for the optimized process conditions,
strong peaks of the C–Fx group at 980 – 1340 cm-1 display little or no change and broad
absorption peaks of the carbon double bond group at 1580 – 1800 cm-1 increase somewhat after
annealing. A similar result has been reported on the effect of annealing temperature on the
chemical structures of fluorinated DLC films [104].
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≈
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Fig. 5.5 FTIR spectra of the as-deposited SiCF films as a function of
substrate temperature at 40, 100 and 160 °C. The flow rate ratio of
CF4/Si2H6, rf power, process pressure and total flow rate for film
deposition are 27, 200 W, 500 mTorr and 73 sccm, respectively.
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Fig. 5.6 A comparison of FTIR spectra of the SiCF films before and after
annealing at 400 °C for one hour in an Ar ambient. RF power,
process pressure, substrate temperature and total flow rate for film
deposition are 200W, 500 mTorr, 160 °C and 73 sccm, respectively.
The flow rate ratios of CF4/Si2H6 are (a) 27 and (b) 30.
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Fig. 5.7 A comparison of FTIR spectra of the SiCF films before and after
annealing at 400 °C for one hour in an Ar ambient. RF power,
process pressure, substrate temperature and total flow rate for film
deposition are 200W, 700 mTorr, 160 °C and 73 sccm, respectively.
The flow rate ratios of CF4/Si2H6 are (a) 24 and (b) 30.
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To study shrinkage rate and its relation to chemical structure of the film, moderate and
high shrinkage rate samples were selected from chapter 4 in order to compare with the films in
Fig. 5.6. The infrared spectra of these selected samples shown in Fig. 5.7 have the shrinkage
rates of ~5.6 % and ~18.9 % for figures (a) and (b), respectively. For the sample in Fig. 5.7 (a)
the flow rate ratio of CF4/Si2H6 was 24, while for Fig. 5.7 (b) the flow rate ratio was 30. Other
depositions conditions were identical for the two samples in Fig. 5.7 with rf power of 200 W,
process pressure of 700 mTorr, substrate temperature of 160 °C and total flow rate of 73 sccm.
The infrared spectra of the as-deposited films in Fig. 5.7 show large absorptions of the carbon
double bonds with respect to the C–Fx absorptions. In Fig. 5.6, on the other hand, as-deposited
films show much smaller carbon double bond group absorptions with respect to the C–Fx
absorptions. After annealing, the C=C group peaks are much larger than the C–Fx group in Fig.
5.7 (a), and are nearly gone in respect to the C–Fx group in Fig. 5.7 (b). In contrast to Fig. 5.7,
Fig. 5.6 shows much smaller change between the C=C group and C–Fx group before and after
annealing. It appears that this change in C=C group in relation to the C–Fx group is a direct
consequence of the shrinkage rate of the film. As a result, the shrinkage mechanisms by
annealing suggest that the carbon network loses fluorine atoms resulting in an increase of carbon
double bonds. The fluorine-saturated molecules containing carbon double bonds are
subsequently detached from the carbon network, as follows:
F

F
C=C–C–

F

C=C=C–

annealing
F

F

F

F
C=C–C–

F

+ F ↑

+

F

annealing

F

–C–

+

C=C
F
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F
↑

F

It is known that the thermal stability of amorphous carbon films is directly related to the degree
of cross-linkage in the carbon networks [38]. The fluorine group shown above terminates the
carbon network, so that it may inhibit cross-linking formed by carbon. The detachment of such
fluorine and carbon double bond groups during annealing may degrade the film thicknesses. In
other words, the chemical bonds of C–F and C–F2 increase the degree of cross-linkage in the film
network and directly increase the thermal stability of SiCF films.
5.3.2

Optical Properties

Figure 5.8 shows the optical transmittance in the UV-visible region of SiCF films
prepared by varying the flow rate ratio. The film thicknesses are 550, 250, 290 and 220 nm for
the flow rate ratios of 21, 24, 27 and 30, respectively. The rf power, substrate temperature and
process pressure for the deposition on quartz plates were 200 W, 160 °C and 500 mTorr,
respectively. The films for the flow rate ratio of 24 – 30 show good transparency of over 90 % in
the visible range. The transparency of all films decreases in the UV range.
Reflection due to an imperfect optical surface consists of specular and diffusive
components [105]. The light scattered from film surface irregularities degrades the intensity of
incident light right beneath the film surface. Therefore, the surface roughness of film should be
considered in order to obtain the film absorption coefficient. The roughness of the samples and
quartz plate was measured in order to study the effect of reflectance on the measurement. The
transmittance for each sample was measured in two different ways with incident light facing the
film in one case and the quartz substrate in the other case. The average roughness Ra of samples
and the quartz plate were approximately 9 nm and 3 nm, respectively. As a result, the difference
in transmittance was negligibly small. Each SiCF film spectrum was obtained by subtracting the
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Fig. 5.8 Optical transmittance of SiCF films deposited at various flow
rate ratios of CF4/Si2H6. RF power, process pressure, substrate
temperature and total flow rate are 200 W, 500 mTorr, 160 °C
and 73 sccm, respectively.
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spectrum of a bare quartz plate as the baseline from the spectra of films deposited on the quartz
plates.
Figure 5.9 shows absorption coefficient α as a function of photon energy E at various
flow rate ratios of CF4/Si2H6. The absorption coefficient α is obtained from Beer’s law [106]:
I = I 0 (1 − r )e −αt ,

α =−

or

ln[ I / I 0 (1 − r )]
t

where I is the intensity of light transmitted through the sample thickness t, I0 is the intensity of
incident light, and r is reflectance. The absorption coefficient α showed the Tauc’s absorption
region for wavenumbers above 104 cm-1, expressed by Tauc’s behavior that is summarized in
Appendix B [78], and the non-linear region for wavenumbers below 104 cm-1, related to the
disorder in the film network [107, 108]. Figure 5.10 shows the plots of (αE)1/2 vs. photon energy
E, which is calculated from data shown in Fig. 5.9. The optical energy gap Eog values are
obtained from fitted lines on the plots.
The film Eog values as a function of various flow rate ratios of CF4/Si2H6 is shown in Fig.
5.11. The Eog increases from 1.7 eV to 2.4 eV as the flow rate ratio of CF4/Si2H6 increases from
21 to 30. The optical gap of amorphous fluorinated carbon films is relatively low ranging from
1.1 eV to 3.98 eV [109-112]. These values are much smaller than the direct gap of pure
tetrahedrically bonded carbon (6.9 – 7.25 eV) [113].
The Eog of amorphous fluorinated carbon is closely related to size and volume
distribution of graphitic carbon clusters in an optically transparent matrix of amorphous material
[108]. It has been reported that the π-bonds, showing sp2 coordination in graphitic carbon
clusters of six-fold rings, lower the optical energy gap in amorphous carbon films including
hydrogenated or fluorinated carbon films [109-115]. Experimentally the SiCF films as indicated
in Fig. 5.2 have shown aromatic carbon double bonds at 1500 – 1600 cm-1. As the peaks of
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Fig. 5.9 Absorption coefficient α as a function of photon energy
E at various flow rate ratios of CF4/Si2H6.
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Fig. 5.10 Plot of (αE)1/2 vs. photon energy E for films deposited
at various flow rate ratios of CF4/Si2H6.
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Fig. 5.11 Optical energy gap Eog as a function of various flow rate
ratios of CF4/Si2H6. RF power, process pressure, substrate
temperature and total flow rate are 200 W, 500 mTorr, 160°C
and 73 sccm, respectively.
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carbon double bonds decrease with respect to C–Fx peaks by increasing the flow rate ratio as
shown in Fig. 5.2, the Eog increases from 1.7 to 2.4 eV in Fig. 5.11. Table 5.2 shows the
comparison of optical energy gap Eog on SiCF films with other amorphous carbon materials.

Table 5.2 A comparison of optical energy gap Eog of SiCF films with
other low-k amorphous carbon materials.

Amorphous
material

Eog [eV]

Deposition
method

Precusor

SiCF

1.7 – 2.4

PECVD

CF4/Si2H6(5% in He)

a-C:F

1.1 – 2.4

PECVD

C2H2/CF4

[116]

a-C:F

1.9 – 2.7

ICP-CVD

C6F6/Ar

[104]

a-C:F

1.76 – 3.98

ECR-CVD

CHF3/C6H6

[109]

a-C:H

0.8 – 1.8

PECVD

C6H6

[117]

a-C:H

0.9 – 2.5

Ion-irradiation on polystyrene

a-C:H:F
a-C, a-C:H

2.92 – 3.45

PECVD

1.5 – 2.5

Reference

[115]

C6H5CH3/C6H5CF3 [118]
[113]

Here, a-C is amorphous carbon; a-C:F is amorphous fluorinated carbon; aC:H is amorphous hydrogenated carbon; and a-C:H:F is amorphous hydrofluorinated carbon.
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5.3.3 Mechanical Properties

Figure 5.12 shows typical indentation load-displacement curves of SiCF films deposited
on quartz plates with various flow rate ratios. The rf power, process pressure, substrate
temperature and total flow rate were 200 W, 500 mTorr, 160 °C and 73 sccm. The analysis of
indentation load-displacement curves were used with the method of Oliver and Pharr [81] by the
software in conjunction with the nanoindenter. It may be noted that for indentation study, a low
load value of 165 µN was applied. This kept the contact depth within ~10 % of the film thickness
to avoid substrate interference effect [119]. Table 5.3 presents hardness and contact depth values
obtained for the films. All values shown are an average of a number (at least three) of separate
values obtained. The table shows that as expected, with increase in hardness of the films, the
contact depth decreases. Further, Fig. 5.13 illustrates the hardness values as a function of flow
rate ratio. The hardness of SiCF films increase somewat with flow rate ratio of CF4/Si2H6 from
21 to 27. Beyond that, with the range of flow rate ratio of 30, the films hardness decreases.

Table 5.3 Hardness and contact depth values obtained for SiCF films.
Flow rate ratio
of CF4/Si2H6

Thickness
[nm]

Hardness
[GPa]

Contact Depth
[nm]

21

550

0.93

44

24

250

1.56

25

27

290

1.78

22

30

220

1.4

18.5
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Fig. 5.12 Typical indentation load-displacement curves of SiCF films
deposited with the flow rate ratios of (a) 21, (b) 24, (c) 27 and (d)
30. RF power, process pressure, substrate temperature and total
flow rate are 200 W, 500 mTorr, 160 °C and 73 sccm.
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Fig. 5.12 continued.
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Increase in C content of the film seems to increase the hardness of the film upto about the flow
ratio of 27. The comparison of SiCF film hardness with other dielectrics is shown in Table 5.4.
The SiCF films deposited on silicon wafers with the optimized process conditions were
evaluated for residual stress. The SiCF films showed compressive stress. The residual stresses in
films deposited with the flow rate ratios of 27 and 30 were in the range of 11.6 – 15.2 MPa
(average: 13.3 MPa) and 13.2 – 23.2 MPa (average: 18.02 MPa), respectively. In general, the
stress in plasma polymer films is usually compressive since the reactive species continuously
impinge onto the film during deposition [60]. The comparison of residual stress on SiCF films
with other low-k materials is shown in Table 5.5.

Table 5.4 A comparison of SiCF film hardness with some other low-k
dielectrics. After reference [80].

Dielectrics

Hardness [GPa]

SiCF

0.93 – 1.78

Dense silica

6.8 – 9.5

Hydrogen silsesquioxane (HSQ)

0.85

Organo-silicate glasses (OSQ)

0.13 – 1.7

Organic polymers

0.33 – 0.41

Porous silica

0.041
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Table 5.5 A comparison of residual stress on SiCF films with some
other low-k materials. Negative values denote compressive
stress. After reference [4].

Dielectrics

Residual stress [MPa]
-11.6 – -23.2

SiCF

Polytetrafluoroethylene (PTFE)

25 – 27

Hydrogen silsesquioxane (HSQ)

70 – 80

Silicon oxyfluoride (FSG)

-130

Nanoporous silica

5. 4

0

Summary

The deposition of low-k SiCF films was carried out using PECVD with precursors of CF4
and Si2H6 (5 % by vol. in He). The effects of process conditions on chemical bond structures
were studied with FTIR spectra, and the SiCF films prepared with optimized process conditions
were investigated for their optical and mechanical properties.
In the study of chemical bond structures with FTIR spectra, the absorption of C–Fx group
increased and the absorption of C–O and Si–O stretching mode decreased by increasing the flow
rate ratio of CF4/Si2H6 from 21 to 30, which resulted in the lowering of the dielectric constant of
the SiCF films. The absorption of C–Fx group and C–C stretching mode significantly increased
by increasing the rf power from 100 W to 200 W, which indicated an increase in cross-linkage in
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the films. By increasing the process pressure from 500 mTorr to 900 mTorr, the absorption by
carbon double bond group increased. From the comparison of FTIR spectra with the results of
the thermal stability study, the chemical bonds of C–Fx increased the degree of cross-linkage and
directly increased the thermal stability of SiCF films.
Based upon the chemical bond structural study with XPS and FTIR, the molecular
structure of the SiCF films can be hypothesized based on the research work of Agraharam on
fluorocarbon materials [87]. First, the C–F3, C–F2, C–F, C–CFx and C–C groups determined
from the C1s XPS spectra in chapter 3 and 4 are used to predict a chemical structure. Among
these groups, C–F, C–CFx and C–C concentrations are involved in the cross-linking of the film
networks. Second, a few percent of oxygen contents is determined from the atomic concentration
results of XPS in chapter 3. Although the small concentration of oxygen is present, the
absorption peaks of oxygenated species show up in the FTIR spectra because of their strong
absorbance [97, 98]. Third, the carbon double bonds, such as F2C=C, F2C=CF and C=C at 1580
– 1800 cm-1, as well as the C–Fx absorptions at 1030 – 1340 cm-1 and the C–C absorption at 1430
cm-1, are present in the FTIR spectra. These peaks of carbon double bonds have both aromatic
and olefinic stretches. A possible structure is derived using 45 carbon atoms as a basis because it
is hard to determine the molecular weight of the plasma deposited films [87]. The concentration
ratios of C–C bonds to carbon double bonds and C–Fx bonds are not defined since it was difficult
to determine exact quantitative values based on the results of XPS and FTIR.
In addition, the cluster of complex six-fold rings, such as three fused six-fold rings, is not
considered. Based upon the above hypotheses and experimental observations, a possible
chemical structure of SiCF films is shown in Fig. 5.14. It is also considered for building the
structure with the back-bones of the (C2F)n structure like carbon six-fold rings [71] and the
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oxygen
silicon

fluorine
carbon

Fig. 5.14 Possible chemical structure of SiCF films (the bottom is
a wireframe for the top figure).
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(CF2)n structure like PTFE [37, 117], which are typically shown in amorphous fluorocarbon
structures.
In the evaluation of optical properties, the SiCF films for the flow rate ratios of 24 – 30
with other optimized process conditions showed good transparency of over 90 % in the visible
range. The optical energy gap Eog of the SiCF films increased from 1.7 to 2.4 eV by increasing
the flow rate ratio from 21 to 30. The formation of the aromatic carbon double bonds tends to
lower the optical energy gap. The optimized deposited SiCF films indicated hardness in the
range of 1.4 – 1.78 GPa. The residual stress in the films is compressive in nature with values in
the range of 11.6 – 23.2 MPa.
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Chapter 6
Surface Modification of Low-k SiCF Films for Metallization

6. 1

Introduction

Copper metallization along with use of low-k material, is needed to reduce RC delay time
in high performance ULSI devices. Several methods such as CVD, sputtering, electroplating and
electroless deposition among others have been utilized to deposit copper [2, 48, 49]. Of these
methods, electroplating or electroless deposition of Cu has attracted significant interest having
advantages of low processing cost and no gap-filling problems. The surface modification of a
low surface-energy film is one of the crucial processes to improve adhesion of consecutive layers
and to form a seed layer for electroless deposition. Several techniques, such as wet chemical
treatment, electrical treatment, plasma treatment, ion implantation, UV/X-ray irradiation, have
been reported to modify the surfaces of polymers or low surface energy films [53, 120].
In this chapter, surface modification of SiCF films for copper metallization via a wet
chemical treatment and through X-ray irradiation is investigated. The feasibility of currently
reported methods [121] of electroless Cu deposition is also examined. The X-ray irradiation
method offers a unique advantage in achieving surface modification in localized areas. For wet
chemical treatment, the surface modification of SiCF films using n-lithiodiaminoethane is
discussed. The hydrophilic and hydrophobic characteristics of the modified surface are
determined by a water-drop contact angle measurement method. Cu electroless deposition was
carried out by using Au seed layers on the modified surface of SiCF films. For X-ray irradiation
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cases, the effect of X-ray exposure on chemical bond structure of SiCF films is studied using
FTIR measurements. Additionally, fabrication of a Ti-membrane X-ray mask is introduced and
selective surface modification made possible by using an X-ray mask is also discussed.
6. 2

Experiment

6.2.1

Wet Chemical Modification of Surface

The procedures including SiCF film deposition, wet chemical technique for surface
modification and electroless deposition of Cu are illustrated in Fig. 6.1. The SiCF films with
thickness of approximately 250 nm were prepared on (100) Si wafers using the same PECVD
method described in chapters 4 and 5. The optimized film deposition conditions for the flow rate
ratio, rf power, substrate temperature, process pressure and total flow rate were 27, 200 W,
160 °C, 500 mTorr and 73 sccm, respectively.
The surface modification procedure of SiCF films is carried out in two steps: i)
preparation of n-lithiodiaminoethane and ii) NH2-modification of SiCF film surfaces. These steps
were based on the research work of Henry et al. on chemical modification of polymethyl
methacrylate (PMMA) surfaces with an aminolysis reaction to yield amine-terminated PMMA
surfaces [54]. Alkane bridges on the PMMA surface were modified to amide via exposure to nlithiodiaminoethane, in order to change the surface from hydrophobic to hydrophilic.
N-lithiodiaminoethane was synthesized in a dry nitrogen ambient glove box with a
mixture of ethylenediamine (Aldrich) and n-butyllithium (1.6 M in hexanes, Aldrich). The
volume ratio of ethylenediamine and n-butyllithium was 2 to 3. Ethylenediamine was placed in a
round-bottom flask and stirred. N-butyllithium was then introduced slowly into the flask. After
introduction of n-butyllithium, the mixture was stirred for 3 hours to obtain nlithiodiaminoethane which was observed as a dark purple product. This synthesis should
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Deposition of SiCF film
on (100) Si wafer
PECVD deposition conditions:
flow rate ratio: 27
rf power: 200 W
substrate temperature: 160 °C
process pressure: 500 mTorr
total flow rate: 73 sccm

Preparation of
n-lithiodiaminoethane
Ethylenediamine : N-butyllithium
(1.6 M in hexanes):: 2:3 by volume
stirred for 3 hours in a N2 ambient
in a glove box
Modified surface

Surface modification
of SiCF films

SiCF film
Si wafer

Soak in n-lithiodiaminoethane
for 20 minutes

Au
Ti

Ti/Au seed layer deposition
E-beam evaporation for 1 nm-thick Ti
followed by 5 nm-thick Au
Ti/Au seed layer patterning

Patterned Ti/Au seed layers

UV-lithography with AZ1512:
spin: 2500 rpm for 30 sec
bake: 100 °C for 5 min
exposure dose: 68 mJ/cm2
develop: AZ400K: DI water = 1:5
for ~1 minute
Au etchant: GE8110
Ti etchant: 1 % HF in DI water
Electroless deposition
of Cu

Electroless-deposited Cu

Solution: CuSO4-5H2O (7.0 g/l),
NaKC4H4O6 (25.0 g/l), NaOH (4.0 g/l)
and HCHO (9.3 g/l)
Temperature: 40 °C
Fig. 6.1 Procedures for wet chemical surface modification of SiCF films
followed by electroless deposition of Cu.
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be performed in a dry nitrogen ambient as n-butyllithium is sensitive to oxygen and moisture.
In order to modify SiCF film surfaces so as to result in amine-terminated surfaces, the
SiCF films were immersed in n-lithiodiaminoethane for 20 minutes. After this period of
immersion, the reaction was quenched with deionized (DI) water. The specimens were rinsed
with DI water. After drying the surface, sessile drop water contact angle measurements were
performed with a video contact angle system (VCA-2000, AST Products Inc.) to determine the
hydrophilic characteristics of the amine-terminated surface. Each sessile drop consisted of
approximately 2 µl of DI water. The suggested scheme for the surface modification of SiCF
films using n-lithiodiaminoethane is shown in Fig. 6.2, based on the reaction sequence of Henry
et al. on PMMA [54]. It is suggested that n-lithiodiaminoethane is tethered to the fluorocarbon
backbone through a perfluoroalkane bridge to amide bones formed during the aminolysis of the
SiCF film surface.
For the electroless Cu deposition, 1 nm-thick Ti and 5 nm-thick Au seed layers were
deposited on the surface modified SiCF films by an e-beam evaporation system (Temescal BJD1800, Edwards). Then, the seed layers were patterned using UV-lithography and a wet-etching
process. Photoresist AZ1512 (Shipley Inc.) was used for UV-lithography. The Ti layer was
etched in 1 % HF solution followed by Au etching in GE8110 commercial etchant (Transene co.,
Inc.). The electroless Cu deposition was obtained in a solution consisting of cupric sulfate
(CuSO4-5H2O, 7.0 g/l), potassium sodium tartrate (NaKC4H4O6, 25.0 g/l), sodium hydroxide
(NaOH, 4.0 g/l) and formaldehyde (HCHO, 9.3 g/l) at 40 °C [121].
6.2.2

Surface Modification by X-ray Irradiation

The surface modification of SiCF films via X-ray irradiation was carried out with the Xray micromachining III (XRLM3) beam line at the Center for Advanced Microstructures and
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Fig. 6.2 Reaction sequence for surface modification on SiCF film using
n-lithiodiaminoethane.
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Devices (CAMD) at Louisiana State University [122]. A Ti-membrane X-ray mask with Au
absorber patterns was developed in order to achieve selective surface modification.
Fabrication of the Ti-membrane X-ray mask is illustrated in Fig. 6.3. First, a 3 µm-thick
sputtered Ti layer is deposited on both sides of a (100) Si wafer in a rf sputtering system
(Plasmalab System 400, Oxford Instruments) at rf power of 400 W, process pressure of 20 mTorr
and with Ar flow rate of 100 sccm. Positive photoresist AZ1512 (Shipley Inc.) is used for UVlithography to pattern the back side of the Ti deposited Si wafer. Thick Au structures as absorber
for X-rays were patterned on the front-side using a UV-LIGA process. The UV-LIGA process
included: i) the electroplating seed layer deposition of 10 nm-thick Cr and 50 nm-thick Au using
an e-beam evaporation system, ii) patterning a photoresist mold in 14 µm-thick positive
photoresist SPR 220-7 using UV-lithography, and iii) electroplating of 8 µm-thick Au layer in
the photoresist mold.
The thick positive photoresist SPR 220-7 was deposited utilizing a double-layer-spincoating process as follows: i) The first layer was spin-coated at 2500 rpm for 30 seconds and
then baked at 100 °C in a convection oven for 1 hour. ii) The second layer was spin-coated at
3500 rpm for 30 seconds and then baked with a two-step process of baking, first at 40 °C for 1
hour followed by 100 °C for 2 hours. iii) The sample was then exposed to UV light with an
exposure dose of 550 mJ/cm2 and developed in a (1:1) mixture of MF321 and MF322 developers
(Shipley Inc.). The Au absorber structures were electroplated using a commercial plating
solution (Technik Inc.) at a current density of 2 mA/cm2 and the bath temperature of 58 °C. After
UV-lithography and Au electroplating, the double coated SPR 220-7 photoresist mold was
stripped using UV flood exposure and developed in the same developer as before. Finally, the Si
wafer was etched from the backside using KOH solution (33 % in DI water) at 85 °C, leaving
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Ti

Deposition of 3 µm-thick Ti
on both side of (100) Si wafer

Si wafer
Ti

UV-lithography with photoresist
(Etch mask for back-side Ti)

Etch mask
(AZ1512)

Wet etching of Ti from the backside and removal of photoresist

Deposition of 5 nm-thick Cr and
30 nm-thick Au

Cr/Au
(Electroplating seed
layers)

UV-lithography for thickphotoresist mold

Thick photoresist
mold (SPR220-7)

Electroplated Au

Electroplating of Au

Removal of thick photoresist
mold

Wet etching from the backside of Si
Mounting on stainless steel ring

Stainless steel ring

Fig. 6.3 Fabrication schematic for a Ti-membrane X-ray mask.
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the 3 µm-thick Ti mask membrane.
The surface modification on SiCF films via X-ray irradiation with the X-ray mask is
illustrated in Fig. 6.4. The SiCF films with thickness of approximately 200 nm were prepared on
(100) Si wafers using the same deposition conditions utilized for the wet chemical surface
modification study. The films were exposed at room temperature to X-rays with the mask in
contact mode. The CAMD XRLM3 beam line chamber with He ambient at 100 Torr was utilized
for X-ray exposure. The synchrotron beam line was operated at the electron energy of 1.3 GeV, a
magnetic field of 1.48 T, a bending radius of 2.928 m with an average current of 100 mA during
the exposure. A 175 µm-thick beryllium fixed filter was used as the chamber window. Two
exposure doses of 27.4, and 115.4 kJ/cm3 were used. After the X-ray exposure, the surfaces were
tested for hydrophilic characteristics on the exposed area using water droplets. The chemical
bond changes due to different exposure doses were studied using FTIR measurements.
6. 3

Results and Discussion

6.3.1

Wet Chemical Modification of Surface

Several considerations are required in preparation of n-lithiodiaminoethane, as explained
in the research work of Henry et al. [54]. All synthesis should be under dry nitrogen ambient as
n-butyllithium is sensitive to both oxygen and moisture. A dark purple product is observed by
adding n-butyllithium to ethylenediamine, and this mixture should be stirred for 3 hours. The
chemical has a limited useful life; when blue or white stains begin to form on the container, the
solution cannot be used any more.
Figure 6.5 shows typical pictures from the measurement of water sessile drop contact
angles. The average contact angle for as-deposited SiCF films was found to be 95 ± 2°, which
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Deposition of SiCF film
on (100) Si wafer

Fabrication of Ti-membrane X-ray
mask

PECVD deposition conditions:
Flow rate ratio: 27
rf power: 200 W
Substrate temperature: 160 °C
Process pressure: 500 mTorr
Total flow rate: 73 sccm

Sputter deposition of 3 µm-thick Ti
membrane on (100) Si wafer.
Au absorber structure using UVLIGA process (See details in Fig.
6.3).

X-ray surface modification of SiCF films

Modified surface
SiCF film

Ti membrane

Si wafer
X-ray irradiation

Au absorber structure

Fig. 6.4 Procedures for selective surface modification of SiCF films by X-ray
irradiation.
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(a) before

(b) after

Fig. 6.5 Typical pictures of water sessile drop contact angles (a) before
and (b) after wet chemical surface modification.
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showed a hydrophobic nature. Water sessile drop contact measurements on the films after the
wet chemical modification with n-lithiodiaminoethane yielded an average of 32 ± 2°, which
correlates well with the literature value for NH2-terminated PMMA [54]. A possible mechanism
is modification of perfluoroalkane bridges on the SiCF film surface to amides, which result in
exhibition of hydrophilic characteristics [54, 55].
Development of electroless metallization for ULSI applications is suggested to meet
essential demands of lower surface roughness, uniform deposition and precise control of growth
rate. Figure 6.6 shows electroless-deposited Cu patterns on a NH2-modified SiCF film. The
growth rate of electroless deposited Cu was approximately 100 nm/min. The roughness of the Cu
surfaces was measured using an optical profiler (Wyko NT3300, Veeco Instruments Inc.) in
vertical scanning interferometer (VSI) mode. The average roughness Ra was 0.03 µm, which is
arithmetic average deviation of the assessed profile, the root-mean-square roughness Rq was 0.04
µm, which is the root-mean-square deviation of assessed profile.
6.3.2

Surface Modification by X-ray Irradiation

Figure 6.7 shows the Ti-membrane X-ray mask, about 13 µm-thick SPR220-7 photoresist
mold and about 8 µm-thick electroplated Au structure on the Ti membrane of the X-ray mask.
The scanning electron microscopy (Hitachi S-4500II SEM, Hitachi Inc.) pictures show smooth
sidewalls in Fig. 6.7 (d) and (f). The thicknesses were measured with an optical profiler (Wyko
NT3300, Veeco Instruments Inc.).
Figure 6.8 shows FTIR spectra of as-deposited SiCF films and surface modified SiCF
films through X-ray exposures. X-ray exposure on the SiCF films were performed at room
temperature in a He ambient of 100 Torr. The X-ray doses of 27.4 and 115.4 kJ/cm3 were
selected to permit observation of film decomposition or evolvement if present at the higher dose.
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Fig. 6.6 Electroless-deposited Cu patterns on a surface-modified SiCF film.
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(a)

(b)

~13 µm

(d)

(c)

~8 µm

(f)

(e)

Fig. 6.7 Ti-membrane X-ray mask fabricated by UV-LIGA process: (a) front-side
view of X-ray mask, (b) back-side view of X-ray mask, (c) and (d) UVlithography results of SPR220-7 photoresist mold, and (e) and (f)
Electroplated Au structures as absorbers on X-ray mask.
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Fig. 6.8 FTIR spectra of the SiCF film as a function of X-ray
exposure doses.
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The as-deposited SiCF films were prepared with the flow rate ratio of 27, rf power of 200 W,
substrate temperature of 160 °C, process pressure of 500 mTorr, and total flow rate of 73 sccm.
The FTIR spectrum corresponding to 27.4 kJ/cm3 exposure dose shows that the absorption peaks
of C–Fx group at 980 – 1340 cm-1 decrease and the absorption peaks of carbon double bond
group at 1580 – 1800 cm-1 increase with respect to the spectrum of the as-deposited SiCF film.
However, both groups of absorption peaks decrease for the sample with X-ray dose of 115.4
kJ/cm3 compared to the case for 27.4 kJ/cm3 exposure dose. The reaction mechanisms in the
radiolysis of fluoropolymers are still ambiguous because of the lack of current fundamental
knowledge [57]. In some research works on the decomposition of PTFE by synchrotron radiation,
two different types of evolvement of gaseous species were reported as saturated fluorocarbons
CF3–CnF2n–CF3 [123] and monomer C2F4 [124]. In addition, it was suggested that the subsequent
exposure to air caused the oxygen to be incorporated onto the irradiated surface, leading to
surface-oxidation and the formation of peroxide and hydroperoxide species on the irradiated
surface [57].
Figure 6.9 (a) shows typical pictures from the measurement of water sessile drop contact
angles. The surface characteristics of SiCF films were changed by X-ray exposure at room
temperature from hydrophobic to hydrophilic. The average contact angle of water sessile drop on
as-deposited SiCF films was 95 ± 2°. The contact angle after X-ray irradiation with dose of 27.4
kJ/cm3 was changed to 39 ± 3°. The water pattern on the selectively modified area on the SiCF
film, exposed by X-rays with dose of 27.4 kJ/cm3 is shown in Fig. 6.9 (b). The water pattern was
formed by dipping the exposed sample in DI water and then withdrawing immediately. A
perpendicular dipping angle was maintained between the sample and the surface of the water.
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before

after
(a)

(b)
Fig. 6.9 (a) Typical water sessile drop contact angles on SiCF films
before and after X-ray irradiation at the dose of 27.4 kJ/cm3
and (b) water pattern on the selectively modified area of the
SiCF film with the same exposure dose as in (a) above.
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The surface modification process via synchrotron X-ray irradiation is restricted to MEMS
applications or niche devices other than regular semiconductor devices. X-ray irradiation affects
semiconductor devices causing their characteristics to degrade. It has been reported that X-ray
radiation degrades metal oxide semiconductor field effect transistor (MOSFET) characteristics
and hot-carrier resistance [125, 126]. The change is due to positive oxide charges, interface states,
and neutral electron traps generated by irradiation. It has also been reported that the interface
states are generated by irradiation at the interface between Si and SiO2 in the base region and that
these degrade bipolar device characteristics [127].
6. 4

Summary

The surface modification of low-k SiCF films for metallization was studied via a wet
chemical treatment and by X-ray irradiation. For the wet chemical modification, a solution of nlithiodiaminoethane was synthesized with ethylenediamine and n-butyllithium in a dry nitrogen
ambient inside a glove box, and the surface modification of SiCF films was achieved by
immersion into the solution. The contact angle of a sessile water drop changed from 95 ± 2°
before treatment to 32 ± 2° after treatment indicating a change in the surface characteristics from
hydrophobic to hydrophilic. On the surface modified SiCF films, the Cu metallization was
carried out on selected areas on the film delineated with Ti/Au seed layers using a conventionally
available electroless Cu deposition technique. However, it is suggested that a seed layer material
for the electroless Cu deposition other than heavy metals should be developed for use in ULSI
devices. In addition, development of seed layer materials possessing a diffusion barrier function
for the Cu metallization is suggested.
For X-ray irradiation on the SiCF film with dose of 27.4 kJ/cm3, the contact angle of
sessile water drop changed from 95 ± 2° before radiation to 39 ± 3° after X-ray exposure
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changing the surface from hydrophobic to hydrophilic. The surface modification on SiCF films
via X-ray irradiation has a unique advantage in achieving surface modification in a selected area
of high aspect-ratio structures. In order to have areas selected on the films, a Ti-membrane Xray mask was fabricated using a UV-LIGA and a wet Si etch process. As a result, a pattern of
localized hydrophilic regions was achieved on selectively X-ray irradiated areas on the SiCF film
through the X-ray mask. The FTIR spectra as a function of X-ray exposure was investigated and
the spectra showed a transition process of C–Fx chemical bonds to carbon double bonds before
possible film decomposition and possible gaseous evolution of a type of saturated fluorocarbons
or monomer species such as C2F4. The X-ray modification of SiCF films has potential for
applications in MEMS, such as bio-chip metallization, and self-assembly of nano-particles on
hydrophilic surfaces.
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Chapter 7
Summary, Conclusions and Suggestions for Future Work

7. 1

Summary and Conclusions

Technology for depositing SiCF films was developed in this work for possible use as an
interlayer dielectric in fabrication of ULSI ICs. The preparation of SiCF films was carried out by
PECVD, using gas precursors of CF4 as a source of active species and Si2H6 (5 % by vol. in He)
as both an active species source and a reducing agent. One of the advantages of employing a
reducing agent or a fluorine-trapping agent is to permit control of film properties by changing the
F/C ratio.
Flexibility in PECVD process permits possibility of several in-situ procedures for
changing film properties of the deposited films as well as adhesion enhancement and
encapsulation, which were briefly described in chapter 2. The electrical properties and
composition of the deposited SiCF films were also studied in this work. The deposition process
conditions were optimized for thermal stability of the deposited films while maintaining a low
dielectric value. The SiCF films deposited with the above optimized process conditions were
characterized for optical and mechanical properties. Additionally, the surface modifications of
SiCF films were achieved through a wet chemical treatment and through X-ray irradiation for
making the surface suitable for electroless Cu metallization.
During the deposition process, the concentration of fluorine in the films could be changed
by adjusting the reducing agent Si2H6 enabling deposition of SiCF films with a relative dielectric
124

constant as low as 2.0. This low-k value is within the criteria of ILD application for technologies
of the 45 nm node for MPU and of the 22 nm node for DRAM. The average electrical
breakdown field strength of SiCF films was 4.74 MV/cm, which is also above the ILD required
strength of > 2 – 3 MV/cm for low-k dielectrics.
Optimized process conditions, which result in good thermal stability while maintaining a
low-k value, have been obtained via an extensive screening study which included film adhesion
and roughness tests, and thermal stability studies involving infrared spectroscopy analysis. The
optimized process conditions were found to be the following: i) rf power of 200 W, ii) process
pressure of 500 mTorr, iii) substrate temperature of 160 °C and iv) the flow rate ratios of
CF4/Si2H6 at 27 and 30. FTIR and XPS analyses were utilized to examine the chemical bond
structure of the SiCF films as a function of various process parameters. Based on these analyses,
a possible structure of SiCF films, possessing cross-linked networks of back-bones of –(C2F)n–
and –(CF2)n– and with branches of C–F3 and C–F, was suggested.
In the FTIR study of chemical bond structures, the absorption of the C–Fx group
increased by increasing the flow rate ratio of CF4/Si2H6 from 21 to 30, and the absorption of the
C–Fx group and C–C stretching mode significantly increased by increasing the rf power from
100 W to 200 W. The chemical bonds of C–Fx and C–C in SiCF films increased the degree of
cross-linkage and directly increased the thermal stability at temperatures up to 400 °C.
In the evaluation of optical properties, the SiCF films deposited for the flow rate ratios of
CF4/Si2H6 in the range of 24 – 30 were examined retaining other process conditions at the
optimized values. These films showed over 90 % transparency in the visible range. The
transparency value was reduced in the UV range. The optical energy gap Eog of the films
increased from 1.7 to 2.4 eV by increasing the flow rate ratio of CF4/Si2H6 from 24 to 30. The
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low values of Eog was attributed to the absorption tails caused by resonate π-bonds in six-fold
carbon rings, which have shown similar results on other hydrogenated or fluorinated carbon
films.
The SiCF films deposited under the optimized process conditions had hardness values
measured in the ranges of 1.4 to 1.78 GPa. The residual stress in these optimized processed SiCF
films was compressive and in the range of 11.6 to 23.2 MPa.
The surface modification on fluorocarbon plays a crucial role in Cu metallization for its
possible utilization as a low-k material below 100 nm technology node. A wet chemical
treatment with n-lithiodiaminoethane and X-ray irradiation were utilized to modify the deposited
film surface. In the case of wet chemical treatment with n-lithiodiaminoethane, the contact angle
of a sessile water drop on the modified SiCF film surface was changed from 95 ± 2° before
treatment to about 32 ± 3° after treatment, which indicates that surface characteristics changed
from hydrophobic to hydrophilic upon treatment. In the study of the surface modification via Xray irradiation, a Ti-membrane X-ray mask was fabricated in order to achieve surface
modification in selective areas. The contact angle of a sessile water drop changed from 95 ± 2°
before irradiation to 39 ± 2° after X-ray irradiation with an X-ray dose of 27.4 kJ/cm3. The
surface modification process on SiCF films via X-ray irradiation shows a high potential in
MEMS applications, especially for metallization for high aspect-ratio structures.
7. 2

Suggestions for Future Work

In this section, further studies on SiCF films are suggested for future work regarding submicron level microelectronic devices. In order to apply low-k SiCF films as ILDs in ULSI
devices, the processing aspects of the films such as gap-filling property, compatibility with CMP
and etching behavior need to be further studied.
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As the feature size of devices shrinks to deep sub-micron and the level of
interconnections increases in microelectronic devices, the gap-filling capability of SiCF films
become important. A study to examine patterns of Cu or Al metallization with line-and-spacing
of < 0.25 µm is essential. The chemical-mechanical strength of SiCF films should be studied for
CMP process to achieve global planarization. Also, an effective etching process for patterning of
SiCF films needs to be developed. In order to develop several in-situ processes of adhesion
enhancement, multi-property films deposition and encapsulation, some form of in-situ
measurement technique needs to be developed to monitor the chemical structure changes on the
film in real time. For instance, a system can be devised for in-situ real time FTIR measurements
by passing infrared beam from a spectrometer into the plasma through a KBr window [128].
Additionally, other applications of SiCF films for MEMS devices are suggested.
Fluorocarbon films have been of interest in biomedical devices. They offer advantages of good
adhesion to organic and inorganic substrates, have low intermolecular forces and offer
biocompatibility [60]. A SiCF film coating on the surface of a LIGA processed MEMS structure,
can be useful for future BioMEMS devices. Selective X-ray modification of SiCF films, through
its hydrophilic surface will permit future metallization on 3D MEMS structures permitting selfassembly of nano particles and structures on a modified surface.
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Appendix A. Schematic of Waf’r/Batch 70 Series Plasma Processing
System

Gas line units

RF power units

p-1
Process chamber
(See details in Fig. 2.1.)
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Fig. A.1 Schematic of Waf’r/Batch 70 Series Plasma Processing System from
Plasma Therm Inc.
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Table A.1 The description of units.
Gas line units

RF power units

a-1

Air operated valves

p-1

Impedance matching network

a-2

Mass-flow controllers

p-2

RF generator

a-3

Pressure regulators with valves

Vacuum and vent units
v-1

Atmosphere switch

v-7

Thermo-couple vacuum gauge

v-2

Gate valves

v-8

Solenoid shut-off valve (N2 purge)

v-3

Ionization vacuum gauge

v-9

Solenoid shut-off valve (vent)

v-4

Capacitance manometer

v-10

Turbo-molecular pump

v-5

Throttle valve

v-11

Root vacuum pump

v-6

Air operated valve

v-12

Rotary pump

139

Appendix B. Tauc’s Plot

The Tauc’s plot including optical absorption edge and Tauc’s extrapolation is briefly
summarized here based on reference [78] by Tauc and references [107-115] by other researchers.
Electronic transitions between the valence and conduction bands in a material start at the
absorption edge that corresponds to the minimum energy difference Eg between the lowest
minimum of the conduction band and the highest maximum of the valence band. If the transition
lies at the same point in k-space (k = 0), it is called “direct”. “Indirect” transition corresponds to
the case when the transition requires both electron and phonon quasimomenta. These transitions
are to be distinguished from the optical energy gap Eog which is characteristic of the whole
absorption band and is connected with the basic chemical properties of the material. In the cases
of a-C, a-C:H and a-C:F [107-115], the resonance of π-bonds in six-fold rings attributes to a
lower optical energy gap.
Figure B.1 shows the regions of the absorption in amorphous material. In general, there
are three distinguished regions known as high absorption region A, the exponential region B and
the weak absorption tail region C. Typically, the high absorption region A is at absorption
coefficient α higher than 104 cm-1, which has the following formula of the Tauc plot:

αE = β ( E − E og )
where β denotes a constant and gives the slope of the Tauc extrapolation, and E and Eog
respectively represent the photon energy and the optical energy gap. The absorption coefficient
for the exponential region B is in the range of absorption coefficient α from 1 cm-1 or less to
about 104 cm-1. The weak absorption tail region is below region B and depends on the
preparation, purity and thermal history of the material.
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Fig. B.1 Regions A, B and C associated with absorption.
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In order to obtain the optical energy gap Eog using the Tauc formula for the high
absorption region (α ≥ 104 cm-1), the plot of absorption coefficient α vs. photon energy E can be
redrawn to (αE)1/2 vs. photon energy, E. In the redrawn plot, the slope is given by β, and the
optical energy gap Eog can be obtained from the extrapolation of the fitted line.
Figure B.2 shows density of states g(E) as a function of energy E in amorphous
semiconductors, according to the Mott-CFO mode. Eog is determined by extrapolation of the
delocalized states. E vm and E cm are mobility edges.
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Fig. B.2 Density of states g(E) as a function of energy E in amorphous
semiconductors, according to the Mott-CFO model.
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Appendix C. Nanoindentation

The analysis of indentation load curves produced by depth indentation is summarized
here based on reference [81] by VanLandingham et al.
The relationships between penetration depth h and load P for such indenter geometries is
P = α (h − h f

)

m

where α contains geometric constants, the sample elastic modulus, the sample Poisson’s ratio,
the indenter elastic modulus, and the indenter Poisson’s ratio, hf is the final unloading depth, and
m is a power law exponent that is related to the geometry of the indenter (m = 1 for a lat-ended
cylindrical punch, m = 1.5 for a paraboloid of revolution, and m = 2 for a cone).
The contact stiffness S is given by
S = 2aE r =

2β

π

Er A

where a is the contact radius and A is the projected area of tip-sample contact. The reduced
modulus Er accounts for deformation of both the indenter and the sample and is given by

(

) (

1 − ν i2
1
1 −ν 2
=
+
Er
Ey
Ei

)

where Ey and ν are the sample elastic modulus and Poisson’s ratio, respectively, and Ei and νi are
the elastic modulus and Poisson’s ratio, respectively, of the indenter material. β is a coefficient to
account for cross-sections of indenters.
An indentation load-displacement curve is illustrated in Fig. C.1 along with several
important parameters used in the Oliver and Pharr analysis. The stiffness S* is the slope
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Fig. C.1 An illustration of the indentation load-displacement curve in
which several important parameters used in the Oliver and Pharr
analysis (hmax = maximum displacement, hf = final depth, hi =
intercept displacement, Pmax = maximum load, and S* =
stiffness).
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of the tangent line to the unloading curve at the maximum loading point (hmax, Pmax) and is given
by
⎛ dP ⎞
S* = ⎜ ⎟
= αm(hmax − h f
⎝ dh ⎠ ( hmax , Pmax )

)

m −1

.

In case of successful calibration and removal of the load-frame compliance, h represents only the
displacement of the tip into the sample. Then, S* can be equal to S. The intercept displacement hi
is related to the contact depth hc associated with the maximum loading point. The contact depth
hc is related to the deformation behavior of the material and the shape of the indenter, as shown
in Fig. C.2, and the equation is given by
hc = hmax − hs = hmax −

εPmax
S

where ε is a function of the particular tip geometry (ε =1 for flat-ended cylindrical punch, ε =
0.75 for paraboloid of revolution, and ε = 2(π-2)/π for cone).
The hardness is calculated with
H=

Pmax
A

where Pmax is the peak load and A is the projected area of indenter contact at peak load.
The reduced modulus is calculated with
Er =

π
2 A
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Fig. C.2

An illustration of the indentation geometry at maximum load for
an ideal conical indenter.
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The author gratefully acknowledges the permission from J. of Vac. Sci. Technol. B,
American Institute of Physics for an approval to reproduce copyrighted material. The details are
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Appendix E. Roughness

Roughness has several different definitions. Arithmetic average deviation of the assessed
profile Ra, the root-mean-square roughness Rq, average maximum height of the profile Rz and
maximum height of the profile Rt are used in this study. These definitions of roughness are
summarized from “http://www.predev.com/smg/parametrs.htm”.
• Ra – Arithmetic average deviation of the assessed profile (Average roughness)
The average roughness is the integral of the absolute value of the roughness profile height
r(x), over the evaluation length L, and is given by
L

Ra =

1
r ( x ) dx .
L ∫0

• Rq – Root-mean-square roughness
The root-mean-square (rms) average roughness is calculated from
L

Rq =

1
r 2 ( x ) dx .
∫
L0

• Rz – Average maximum height of the profile (Ten point average roughness)
The ten point average roughness is a parameter that averages the height of the five
highest peaks plus the depth of the five deepest valleys over the evaluation length.
• Rt – Maximum height of the profile (Total roughness)
The total roughness is the sum of the height of the highest peak and the depth of the
deepest valley in the roughness profile over the evaluation length.
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